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ABSTRACT 
 
 Micro- and nanostructured materials have become an important area in the 
materials society due to their unique physical and chemical properties. Numerous 
materials with nano- and microstructures have been synthesized, such as porous, core-
shell, and hierarchical structures. Great emphasis has been put on the use of facile and 
environmental benign synthetic approaches to produce structured materials in a 
controllable manner. As a simple and industrially scalable technique, ultrasonic spray 
pyrolysis (USP) is a powerful synthetic tool especially for application-based materials 
due to the scalability of this technique and the environmentally friendly nature of many of 
the common precursors and templating methods. More importantly, the structure and 
composition of USP product can be readily controlled through using appropriate 
precursors and reaction conditions. In this dissertation, two examples of USP synthesis 
will be discussed: the USP preparation of gold nanoparticles in porous carbon, and the 
USP preparation of porous metal oxide. Another example of using traditional synthetic 
method to produce fluorescent carbon nanoparticles will also be demonstrated.  
 First, USP has been applied to produce gold nanoparticles encapsulated in porous 
carbon for catalysis application. Gold nanoparticles (NPs) have recently been found to be 
surprisingly active catalysts for reactions like low temperature oxidation of CO and 
epoxidation of alkenes. The reactivity of gold nanoparticles, however, is difficult to 
exploit because of sintering. Encapsulated structures with porous supports prevent 
agglomeration, but prior synthetic methodologies using sacrificial templates increase 
complexity, cost, and waste. Using a one-step and template-free USP approach, gold NPs 
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were encapsulated in situ in a highly porous carbon support, thus preventing sintering 
while still permitting accessibility to the catalytic gold surface. The surface catalytic 
activity of these Au/C particles for a benchmark reaction (the reduction of 4-nitrophenol) 
is extremely high compared with other reports in literature. In addition, in contrast to 
previously reported gold catalysts which only work for hydrophilic nitroaromatics, the 
USP Au/C exhibits good catalytic activity for both hydrophilic and hydrophobic 
nitroaromatics due to the presence of both hydrophilic and hydrophobic functional groups 
on the carbon matrix, making it a versatile catalyst with broad potential applications. 
 Hollow iron oxide microspheres with high surface area can also be produced 
using USP. Nano- and microstructured iron oxides are intriguing materials owing to their 
high surface area, unique structures, and applications in lithium-ion batteries and 
biomedicine. Iron oxide structures have been synthesized mainly using colloidal 
synthesis, hydrothermal synthesis and sol-gel approach, which are usually cumbersome 
with multiple steps and the use of expensive templates, therefore are difficult to be scaled 
up for mass production. The iron oxides produced usually have relatively low surface 
areas (<100 m2/g) when compared with other materials like metals, carbons and 
polymers. By employing a novel precursor, a mildly energetic iron complex that can 
decompose into large amount of gas, hollow magnetite microspheres with high surface 
area have been successfully prepared via the one-step USP synthesis. The combination of 
“steam-iron” process with USP technique leads to surprisingly high crystallinity and 
purity of magnetite. These hollow Fe3O4 microspheres have been shown to maintain high 
lithium storage capacity.  
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Besides the USP technique, other synthetic approaches were also applied to the 
preparation of nanomaterials. Specifically, fluorescent carbon nanoparticles were 
synthesized from pyrrole monomers by combining microemulsion polymerization and 
surface functionalization. The as-prepared carbon dots show strong intrinsic fluorescence 
with the quantum yield 1.2%, which can be increased to 12% after PEGylation. These 
carbon dots can be easily internalized in cells as bioimaging agents and still show bright 
photoluminescence after laser irradiation for several hours. Other fluorescence 
characteristics (e.g., photoluminescence lifetime) of these carbon dots are further studied 
to understand the fluorescence mechanism. 
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CHAPTER 1 
SPRAY PYROLYSIS FOR MATERIALS SYNTHESIS AND PROCESSING 
 
1.1 Introduction 
The term aerosol describes either solid or liquid particles in a gas, where the 
particle sizes usually range from molecular dimensions to roughly 100 µm.  Aerosol 
processes have been widely used in industry over many years for film deposition and fine 
powder production, where aerosols are formed by chemical or physical methods and 
transformed into solid products.1–3 Based-on different aerosol generation techniques and 
gas-to-particle conversion routes, there are many different types of aerosol processes, 
some common ones including flame spraying, laser ablation, aerosol-assisted CVD and 
spray pyrolysis. 1 
Spray pyrolysis, which generally involves thermal decompositions of aerosols, is 
a widely used aerosol process for a variety of powders and films.1–5 In spray pyrolysis, an 
aerosol made of micro-droplets is generated from a liquid precursor (a solution, 
dispersion, or pure compound) by a nebulizer in a gas flow, and sent through a heated 
zone where physical and chemical reactions occur to produce powders or films.  
Spray pyrolysis to manufacturing powders and films have many advantages 
compared with other techniques (e.g. hydrothermal, emulsification techniques, laser 
ablation and milling) with respect to both the process itself and the materials it produces.  
As a synthetic tool, spray pyrolysis (1) is an energy efficient process; (2) has simple and 
inexpensive systems and unit operations; (3) is a continuous process; (4) can be a one-
step synthesis and (4) can be scaled up for mass production. In terms of the properties of 
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products, (1) products are usually with high purity; (2) the composition and doping is 
easily controlled; (3) the particle size or film thickness can be controlled; (4) the particle 
morphology can be controlled; (5) porous and hollow structures can be readily produced.  
 For this thesis, one of the spray pyrolysis techniques, specifically ultrasonic spray 
pyrolysis (USP) was used to produce gold nanoparticles in porous carbon and porous iron 
oxide microspheres. In this chapter, an overview of spray pyrolysis will be provided with 
the emphasis on USP methods when possible. 
 
1.2 Aerosol Generation  
Aerosol generation or atomization plays a key role in spray pyrolysis, which 
determines the size (usually 0.1 to 100 µm) and size distribution of droplets. Based on the 
type of energy used for atomization, atomizers can be classified into different kinds. 
Several common nebulization techniques are discussed below, and the advantages and 
disadvantages of each method are summarized in Table 1.1.  
 
1.2.1 Pressure, Air-assisted, and Rotary Atomizers 
Pressure (jet), air-assisted and rotary atomizers are common industrial tools for 
fine powder production. Pressure atomizers operate by forcing a liquid at high pressure 
through a narrow aperture.1,6  The high pressure breaks the liquid stream apart to form 
many droplets as it leaves the atomizer nozzle. They have the advantage of high 
precursor delivery rates and not requiring gas flow. However, the aerosol droplets they 
produce are usually quite large (10-1000 µm in diameter) with a broad droplet size 
distribution. Air-assisted atomizer uses the energy of a carrier gas to force apart liquid 
            2
stream into aerosol droplets; they and can produce smaller droplets (<1000 µm in 
diameter).1,6 Rotary atomizers create an aerosol by directing a liquid onto a rotating disk. 
The kinetic energy transferred from the rotating disk causes the liquid to break apart, 
producing aerosol droplets.1,6 Both high precursor feeds and narrower droplet size 
distributions make rotary atomizer an attractive technique, but large droplets are still 
produced. These three atomizers are commonly used in industry due to their high 
throughput and relative simplicity; however, the large particle sizes and polydispersity 
limit their applications in more sophisticated synthesis and processing.  
 
1.2.2  Electrostatic Atomizers 
Electrostatic atomizers exploit electrostatic charges to create an aerosol.1,7 A high 
voltage potential is applied to a liquid; the repulsive electrostatic forces are built up in the 
liquid and finally force the stream to disintegrate into aerosol droplets. A representative 
electrospray system is shown in Figure 1.1. Electrostatic atomizers are capable of 
producing aerosol droplets with submicron sizes (0.01-100 μm); however, the low liquid 
flow rates required for this droplet size make this type of atomizer difficult to be scaled 
for mass production. As a result, electrostatic atomizers have been used primarily in 
research laboratories instead of on industrial scale.  
            3
 Figure 1.1 Electrospray system used for aerosol generation.7 
 
1.2.3 Ultrasonic Atomizers 
Ultrasonic atomizers utilize a piezoelectric transducer that vibrates at typically 50 
kHz to 2.4 MHz to produce an aerosol. The aerosol generation by using low frequency 
ultrasound was first described by Wood and Loomis in 1927.8  
There are two types of ultrasonic atomizers, ultrasonic nozzle atomizer1,9 and 
submerged ultrasonic atomizer.1,10 Ultrasonic nozzle atomizers force the liquid through 
an ultrasonically vibrating nozzle to cause droplet formation.1,9 An example of 
commercially available ultrasonic nozzle atomizer is shown in Figure 1.2.  This method 
can produce droplets with average diameters of 10-1000 μm and a log-normal, “medium” 
polydispersity droplet size distribution with a geometric standard deviation of ~1.5.  
Ultrasonic spray nozzle systems are capable of handling liquid flow rates from a few 
μL/min to tens of L/h. 
Submerged ultrasonic atomizer involves a submerged ultrasonic piezoelectric 
transducer in a liquid to produce an aerosol.1,10 An example of submerged ultrasonic 
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atomizer in spray pyrolysis is shown in Figure 1.3. Ultrasonic nebulization by submerged 
ultrasonic atomizer is a result of momentum transfer. The capillary waves generated by 
ultrasonic vibrations at the liquid’s surface consist of crests and troughs. When the 
amplitude of the surface capillary waves is sufficiently high, the crests of such waves are 
torn away from the bulk liquid, resulting in liquid droplets (Figure 1.4). The diameter of 
these droplets is dependent on the surface tension, density, and frequency of the 
ultrasonic source; this relationship was experimentally established by Lang, as shown in 
the equation below,10 
 
3/1
2
834.0 





=
f
Dd ρ
πγ  (1.2) 
where Dd is the average droplet diameter, γ is the surface tension of the liquid, ρ is the 
liquid density, and f is the ultrasonic frequency.  High frequencies (> 1 MHz) are 
generally used for nanomaterials synthesis, while commercial large-scale nebulizers are 
also available in the 25 kHz region for spray drying and painting. Compared with other 
ultrasonic atomizers, submerged ultrasonic atomizers can produce much smaller droplet 
sizes (typically 2-4 μm) with relatively narrow droplet size distribution and meanwhile 
allow for moderate throughput.1,10  Additionally, the ability of varying droplet sizes by 
varying the ultrasonic frequency makes it a widely-used synthetic tool for controllable 
synthesis of materials.  
The submerged ultrasonic transducer with 1.7 MHz frequency was used for the 
experiments described in this dissertation. The experimental details are described in 
Chapter 2.  
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 Figure 1.2 Schematic of a commercially available ultrasonic atomizing nozzle system 
(Sono-Tek).  Image adapted from http://www.sono-tek.com/how-ultrasonic-nozzles-
work/. 
 
 
 
Figure 1.3 Schematic of submerged ultrasonic atomizer and spray pyrolysis apparatus.11 
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 Figure 1.4  Photograph of an ultrasonic fountain produced by a submerged 1.65 MHz 
piezoelectric transducer.12 
 
 
 
Table 1.1 Comparison of Nebulization Techniques1  
Nebulization 
Method 
Average 
Droplet Size (μm) 
Droplet Size 
Distribution 
Gas Flow 
Rate 
Droplet 
Delivery 
Rate 
Pressure 10-1000 Broad Low High 
Air-assisted <1000 Broad High High 
Rotary 10-1000 Broad Low High 
Electrospray 0.01-1000 Very Narrow Low Low to high 
Ultrasonic 
  (Nozzle) 10-1000 Medium Low Medium 
Ultrasonic 
  (Submerged) 1-10 Narrow Low Medium 
 
 
 
 
~1 cm
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1.3  Aerosol Routes During Pyrolysis 
 In the aerosol or mist generated by a spray pyrolysis apparatus, each liquid droplet 
acts as a microreactor isolated from one another in a gas. These droplets are carried 
through a heated zone (usually a furnace) by a gas flow, which can be either inert or 
reactive (e.g. Ar, N2, O2, etc). As the droplets sizes are very small (e.g. ~5 μm for 
ultrasonic spray pyrolysis), heat and mass transfer through droplets is usually very 
efficient. For fine powder production, a collector is positioned at the furnace outlet (e.g. 
bubbler, filter, electrostatic precipitator); for film deposition, a heated substrate such as 
silicon and glass is placed inside the chamber.  
 
1.3.1  Aerosol Routes to Particles  
In the heated furnace, the processes in microdroplets generally involve 
evaporation of solvents, diffusion of solutes, precipitation, precursor decomposition and 
densification. The entire pyrolysis process, however, is more complicated, with many 
possible reaction pathways and possibly different events occurring at the same time.  
A simplified schematic of processes in furnace is depicted in Figure 1.5. After 
droplets enter the furnace, evaporation of solvent often takes place first, and droplets 
rapidly shrink. Further heating leads to supersaturation when precipitation of solute 
occurs, usually at the surface of droplets. Decomposition of precursors may follow to 
produce hollow, porous or fragmented intermediate particles, which may subsequently 
undergo densification to yield solid particles. For these simple cases, the droplet size can 
be directly related to the final product size based on the density of the final product, 
shown in the equation below,1 
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where Dp is the average particle diameter, M is the molecular weight of the precursor in 
solution, Dd is the average droplet diameter, C is the concentration of the precursor in 
solution, and ρp is the product density. The formation of dense solid particles versus 
hollow shells is related to solvent evaporation rate and solubility of precursors1,2,13. These 
factors can affect the degree of supersaturation, which significantly influences the 
morphology of final products. Except the production of decomposition products from 
precursors, other reactions can also occur between the precursors, the solvent, or the 
carrier gas to form products that are not simply decomposition products.  
 
Figure 1.5 Schematic of many reaction pathways in spray pyrolysis 
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1.3.2 Aerosol Routes to Films  
Film deposition processes with spray pyrolysis generally involve evaporation of 
solvents, precursor decomposition either before deposition or on the heated substrate, and 
further surface reactions on the substrate to produce the desired film. Similar to particle 
production, there also could be many different reaction pathways in film deposition 
depending on the nature of desired film, and appropriate precursors and reaction 
conditions used. Spray drying is also used where solid product particles are delivered to 
the substrate to produce a film.14 These various film deposition processes are depicted in 
Figure 1.6.1  
 
 
Figure 1.6 Methods of film deposition using aerosol techniques.1  
 
Depending on the applications of the desired film, the criteria for film quality may 
include purity, microstructure, morphology, stoichiometry, uniformity and 
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reproducibility, which determine the properties of the resulting film. The quality of films 
produced using spray pyrolysis depends heavily on the method of atomization, substrate 
temperature, precursor and solvent. The cost of operations is also usually taken into 
consideration when expensive methods are needed for higher quality films.  
The aerosol droplets produced by spray pyrolysis have relatively large sizes and 
high polydispersity. Although the properties of large droplet deposition have been 
exploited to produce highly porous films, such as those desired for sensor 
applications,15,16 the polydispersity of droplets could still be problematic in film 
deposition. Too large droplets, ~1000 μm in diameter often lead to rough film surfaces, 
while very small droplets, ~1 μm in diameter, may cause unintentional solvent 
evaporation before surface wetting, resulting in rough surfaces and low deposition rates. 
Therefore the droplet size and precursor concentration need to be optimized for smooth 
film deposition.  
Despite the potential problems that can arise from aerosol deposition techniques, 
they still provide numerous advantages over the other preparatory methods, particularly 
in their simplicity and low cost.  Additionally, a diverse set of precursors are compatible 
with aerosol methods; both liquid-phase and nonvolatile metal salts can be used.  For 
example, nonvolatile precursors can be used in aerosol-assisted CVD where traditional 
CVD methods usually can only use volatile precursors. The availability of more 
precursors provides great experimental versatility. Thus, numerous single- and multi-
component films have been produced.  
 
1.4 Materials Prepared via Spray Pyrolysis 
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1.4.1 Fine Powders 
 Spray pyrolysis has been frequently used to prepare fine powders. Over the years, 
a number of metals and metal alloys have been synthesized using spray pyrolysis, 
including Au, Ag, Pd, Cu, Ni, bimetallic Au/Ag and Ag/Pd.17–27 Typically, a single metal 
salt or metal salt mixture is used as the precursor; metals or metal alloys are produced via 
thermal decomposition of these precursors in an inert gas flow (e.g. Ar and N2). H2 is 
sometimes applied to provide a reducing environment especially for the preparation of 
non-precious metal particles (e.g. Cu, Ni or Co). (Ho’s review) Ehrman and coworker 
added an alcohol such as ethanol as a co-solvent into precursor solutions to create a 
strong reducing environment due to the decomposition of ethanol to CO, H2, and 
CH4.25,28  
 Various metal oxide powders have been prepared via spray pyrolysis, including 
mono-metallic oxides (e.g. Fe2O3, Fe3O4, SnO2, ZnO, TiO2, V2O5 and Co3O4),29–43 multi-
component oxides (e.g. NiFe3O4, LaCoO3, BaTiO3, and SiTiO3) and binary metal oxides 
(e.g. Al2O3-SiO2).44–50 Generally, metal salts, such as metal nitrates, chlorates and 
acetates are employed as precursors to produce metal oxide powders in an oxidizing 
environment (e.g. air and H2O). Given the ready availability of metal salt precursors, 
spray pyrolysis can be utilized to produce fine powders of nearly any metal oxide or 
chalcogenide.  
 
1.4.2 Nano- and Microstructured Materials via Spray Pyrolysis 
 Spray pyrolysis is a versatile synthetic approach, not only to produce micron-
sized powders and thin films, but also in the preparation of novel nanostructured 
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materials. To prepare nanostructured materials, sacrificial templates such as silica 
nanoparticles, polymers, and metal salts are usually incorporated either in the precursor 
solution or as an intermediate product. These templates can be removed subsequently by 
calcination, etching, or simply washing to form the desired structures. As spray pyrolysis 
can give hollow or porous morphologies with proper precursors and reaction conditions, 
sacrificial templates can also be avoided by the use of unique precursors. In this session, 
some successful examples for both cases will be discussed.  
 
1.4.2.1 Nanostructured Materials via Self-Assembly 
 The Okuyama group has shown the ability of spray drying in the production of 
nanostructured SiO2 microspheres from the assembly of SiO2 nanoparticles (Figure 
1.7).51 It was found that both the SiO2 nanoparticle size and pyrolysis temperature could 
affect the morphology of hierarchical structures produced.   
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 Figure 1.7 SEM images (Mag. 150 K) of nanostructured SiO2 spheres prepared by spray 
drying of colloidal SiO2 suspensions at 200 °C. The sizes of SiO2 nanoparticles are (A) 4 
to 6 nm, (B) 10 to 20 nm, (C) 40 to 60 nm and (D) 80 to 100 nm.51  
 
Brinker and Lu have used evaporation-induced self-assembly in aerosol process to 
produce hierarchically porous SiO2 microspheres (Figure 1.8).52,53 Homogeneous 
water/ethanol mixture solutions containing silica precursors and surfactants were sprayed 
and carried to a heated zone. As the solvent evaporated, micelles were formed from 
silica-surfactant self-assembly. The micelles can subsequently organize into ordered 
mesostructures of organic-inorganic hybrid composites. By controlling the evaporation 
rate of the precursor solution, the self-assembly process could be controlled, thus 
controlling the final morphology of the product.  
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Figure 1.8 TEM images of porous silica spheres prepared by evaporation-induced self-
assembly showing (A) faceted, (B) cubic, (C) vesicular mesostructure. (D) Cross-section 
of porous silica film deposited on a silicon substrate. 50 
 
 
 Carné-Sánchez and coworkers have synthesized hollow microspheres of metal-
organic frameworks (MOFs) using a spray-drying strategy during which MOF 
nanoparticles were formed and assembled into superstructures (Figure 1.9). A variety of 
hollow MOF microspheres have been synthesized, such as HKUST-1, MIL-88A, ZIF-8, 
and MOF-5. These hollow spheres can further disassemble by sonication, producing 
well-dispersed, discrete MOF nanoparticles. 54  
 
A
DC
B
            15
 Figure 1.9 (A) Schematic showing the spray drying process for the synthesis of HKUST-
1 microspheres. Blue dots, sprayed solution; blue spheres, resulting spherical particles. 
(B) Proposed spherical superstructure formation process. FESEM images of (C) the 
HKUST-1 superstructures and (D) a mechanically broken hollow superstructure. Series 
of MOF superstructures synthesized by spray-drying: (E) HKUST-1, (F) Cu-bdc, (G) 
NOTT-100, and (H) MIL-88A with (ii) SEM, (iii) TEM images and (iv) XRD patterns of 
synthesized MOFs.54 
 
 
 
 Luo and coworkers have prepared crumpled graphene oxide particles in 
evaporating aerosol droplets of graphene oxide by a self-assembly mechanism (Figure 
1.10). The average size of the crumpled particles can be tuned by the concentration of the 
starting graphene oxide concentration. Compared with graphene-based sheets, the 
crumpled particles are more resistant to aggregation in both solution and dried states 
without any surface modification, making it a robust material for more applications.55 
 
 
 
 
A B
C D
E
F
G
H
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 Figure 1.10 (A) Schematic illustration of experimental setup and the evaporation –
induced crumpling process to produce crumpled graphene oxide. (B) SEM images of four 
samples collected along the flow pathway from spot 1 to 4 showing the typical 
morphologies of deposited graphene oxide.55 
 
 
 
1.4.2.2 Nanostructured Materials via Templating Strategy 
  Hard templates, especially colloidal silica, have been extensively used in spray 
pyrolysis preparation of nanostructured materials. Suslick and Skrabalak have used SiO2 
nanoparticles as a sacrificial template to prepare porous MoS2 microspheres with 
ultrasonic spray pyrolysis (Figure 1.11).56 SiO2/MoS2 composite particles were obtained 
from the decomposition of the MoS2 precursor (NH4)2MoS4 mixed with silica particles, 
following by HF etching to selectively leach silica nanoparticles, resulting in porous 
MoS2 network. In addition, the porosity of resulting MoS2 microspheres can be readily 
tailored by changing the size and concentration of silica particles. These porous MoS2 
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spheres produced by USP method are highly active catalyst for thiophene 
hydrodesulfurization compared with nonporous MoS2 particles. Upon doping with cobalt, 
the porous MoS2 exhibit superior catalytic activity even higher than RuS2, which is 
known as the most active catalyst for hydrodesulfurization reaction.  
 
 
Figure 1.11 (A) An SEM image and (B) TEM image of porous MoS2 prepared from 
ultrasonic spray pyrolysis using silica nanoparticles as sacrificial template.54  
 
 The utilization of silica templates has been further extended for the synthesis of 
nanostructured doped composites. Bang and coworkers have synthesized both ZnS:Ni2+ 
hollow microspheres and nanoparticles using silica template approach by ultrasonic spray 
pyrolysis (Figure 1.12).57 The morphology of ZnS:Ni2+ particles are dependent to the 
heating temperature. At lower temperature, ZnS:Ni2+ mesoporous hollow microspheres 
were obtained after the silica template is removed, whereas at higher furnace temperature 
(~1000 °C), ZnS:Ni2+ nanoparticles were produced. The formation of nanoparticles is 
related to the rapid crystal growth of ZnS at high temperatures, resulting in ZnS 
A B
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nanoparticles larger than silica nanoparticles; such a structure is not robust enough and 
tend to collapse after the removal of silica template to form nanoparticles. USP ZnS:Ni2+ 
nanoparticles have exhibited higher phtocatalytic activity compared to ZnS:Ni2+ powders 
prepared by  a convention approach.  
 
 
Figure 1.12 SEM and TEM images of ZnS:Ni2+ hollow microspheres (a, b) and 
nanoparticles (c, d) prepared with silica template approach by ultrasonic spray 
pyrolysis.57 
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 Silica template can also be utilized to the synthesis of nanostructured metal 
oxides. Suh and Suslick have developed a synthetic route to produce porous, hollow, and 
ball-in-ball nanostructures of titania via USP (Figure 1.13).58 Titania-silica composite 
microspheres were first produced from a Ti(IV) complex mixed with colloidal silica. 
Then the silica template can be selectively removed by HF solution, leading to porous 
titania spheres. The nanostructured titania microspheres loaded with drug molecules have 
shown selective drug delivery ability and could serve as potential drug delivery agents.  
 
 
Figure 1.13 SEM and TEM images of (a) silica-titania composite and (b) porous titania 
after HF etching; (c) SEM and (d) TEM images of ball-in-ball silica-titania composite 
doped with Co oxide nanoparticles.58 
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Similar to colloidal silica templates, colloidal polymer particles have also been 
employed as a template material to produce nanostructured materials via spray pyrolysis. 
Okuyama and coworkers have synthesized silica spheres with ordered mesoporous using 
polystyrene latex particles as sacrificial template (Figure 1.14).11 A suspension mixture of 
5 nm SiO2 nanoparticles and 70 nm polystyrene latex nanoparticles was nebulized and 
carried into a two-zone heated reactor. Composite particles of SiO2 and polystyrene were 
first produced in the low temperature zone (200 °C); polystyrene particles evaporated 
subsequently to make porous SiO2 matrix in the higher temperature zone (450 °C). 
 
 
Figure 1.14 SEM images of SiO2 spheres with organized mesopores prepared by spray 
pyrolysis of SiO2/polystyrene colloidal mixtures. The composition of the precursor 
mixture is (A) 10 mL SiO2 colloids with 0.5 mL polystyrene colloids and (B) 1.0 mL 
polystyrene colloids 1.0 mL polystyrene colloids. (C) A high magnification SEM image 
of the porous SiO2 matrix. 11  
 
 
 
 Suh and Suslick have further developed the polymer template strategy by utilizing 
an in situ produced polymer template to prepare metal-doped macroporous silica spheres 
(Figure 1.15).12  Instead of using colloidal polymer particles, an organic monomer (i.e. 
styrene) was used to generate in situ polymer template, creating silica/polystyrene 
composite particles at a low temperature. The polystyrene template was pyrolyzed out 
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subsequently in a second and hotter furnace to produce the macroporous structure. Co-
doped magnetic particles could be achieved by adding Co2(CO)8 into the precursor 
solution. 
 
 
Figure 1.15 (A) Schematic of the synthetic route for porous silica spheres. (B) An SEM 
image of macroporous silica spheres produced via USP. (C) A TEM image of Co-doped 
porous magnetic silica sphere. 12  
 
 
 
The preparation of nanostructured materials with metal salt templates (e.g., KCl, 
NaCl, and LiCl) has also been developed with spray pyrolysis. Metal salts can be added 
into the precursor solution or generated in situ during the decomposition of precursors. 
Usually the metal salt templates can be easily washed away after spray pyrolysis, leaving 
the resulted nanostructured particles; thus the time consuming and usually dangerous 
etching process to remove silica template can also be avoided. By utilizing rationally 
designed organic salts with easily dissociated leaving groups (e.g. CO2, H2O, and HCl), 
porous carbon spheres with high surface area and unique structures have been 
synthesized via ultrasonic spray pyrolysis.59–62 Suslick and Skrabalak have developed a 
synthetic route to produce porous carbon microspheres from organic salts (e.g., sodium 
chloroacetate) with one-step synthesis (Figure 1.16).59 Additionally, different 
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morphologies and surface areas were achieved using different types of alkali salts 
depending on the melting point and decomposition pathways of precursors. Suslick and 
Fortunato have employed another more cost effective and environmentally benign 
precursor, sucrose, to produce porous carbon microsphere with USP (Figure 1.17).61 
Na2CO3 or NaHCO3 was added to the sucrose aqueous solution as a catalyst for sucrose 
decomposition and meanwhile a poregen by producing gaseous products. The resulting 
carbon spheres show hierarchically porous structures with microporous shell and 
macroporous core. Xu has used energetic carbon precursors, specifically alkali propiolate 
salts to produce porous carbons with unique and unprecedented structures (Figure 1.18 
and 1.19).62 More importantly, the morphology and surface area of the porous carbon 
spheres can be readily controlled by using different single alkali propiolate salt or salt 
mixtures (Figure 1.18 and 1.19). These porous carbon spheres can be used as catalyst 
supports and absorbents for environmental pollutants. The Suslick group has further 
expanded the synthesis of porous carbon to various functional porous 
carbon/nanoparticles composites, including gold, silver and iron oxide in porous 
carbon.63,64  
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 Figure 1.16 SEM images of porous carbon microspheres via USP from different 
precursors: (A) lithium chloroacetate, (B) sodium chloroacetate, (C) potassium 
chloroacetate, (D) lithium dichloroacetate, (E) sodium dichloroacetate, and (F) potassium 
dichloroacetate.59 
 
 
 
Figure 1.17  TEM images of porous carbons produced from aqueous solutions of 0.5 M 
sucrose and (A) 1.0 M sodium carbonate, (B) 0.5 M sodium carbonate, (C) 0.1 M sodium 
carbonate, (D) 1.0 M sodium bicarbonate, (E) 0.5 M sodium bicarbonate, and (F) 0.1 M 
sodium bicarbonate pyrolyzed at 800 °C.61  
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 Figure 1.18  SEM and TEM images of porous carbons produced from 1.0 M aqueous 
solutions of (A and D) lithium propiolate, (B and E) sodium propiolate, and (D and F) 
potassium propiolate pyrolyzed at 700 °C.62 
 
 
 
Figure 1.19  SEM and TEM images of porous carbons produced from 1.0 M aqueous 
solutions of mixtures of propiolate salts:  (i) lithium propiolate and sodium propiolate in a 
(A and C) 1:3 ratio and (B and D) 3:1 ratio; (ii) lithium propiolate and potassium 
propiolate in a 3:1 ratio. 62 
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 Interesting morphologies other than spheres have also been achieved with spray 
pyrolysis including nanoplates and nanowires.65,66 Skrabalak group has developed the 
synthesis of single-crystalline Bi2WO6 nanoplates by combing solid-state metathesis 
reactions with ultrasonic spray pyrolysis (Figure 1.20).63 In this report, colloidal BiOCl 
from the hydrolysis of BiCl3 and Na2WO4 was used as the precursor. It was proposed that 
the non-transient byproduct and heat produced can modify the crystal growth conditions 
and facilitate the formation of single-crystalline Bi2WO6 nanoplates. Only Bi2WO6 
microspheres are produce in traditional reaction conditions.  
 
 
Figure 1.20 (A) SEM and (B) TEM images of Bi2WO6 microsphere. Inset: electro 
diffraction pattern of a Bi2WO6 microsphere. (C) SEM and (D) TEM images of Bi2WO6 
nanoplates. Inset: electro diffraction pattern of a Bi2WO6 nanoplate.63 
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1.4.3 Nanoparticles 
Nanoparticles can be produced via spray pyrolysis mainly using salt-assisted 
aerosol deposition (SAAD)67 or chemical aerosol flow synthesis (CAFS) method.68–70 In 
SAAD, large amount of metal salts (e.g., KCl, NaCl, and LiCl) or their eutectic mixtures 
are added to the precursor solution. The metal salts melt in the furnace and from hot 
liquid solvents; formed nanoparticles can dissolve and precipitate in the molten salts 
droplets. Therefore no aggregation of nanoparticles would occur during densification 
process. Additionally, the enhanced mass transport rate in droplets using SAAD allows 
the growth of more crystalline nanoparticles. These metal salts can be easily washed 
away (e.g. with water), resulting in dispersed individual nanoparticles. Using SAAD 
approach, a variety of nanoparticles have been synthesized, such as Ni, Ag-Pd, NiO, 
CeO2, ZnO, ZnS, CdS, LiCoO2 and (Ba1-xSrx)TiO3.65–75 
The other CAFS synthetic approach was developed by Suslick and coworkers.68–
70. Different from SAAD, two solvents are used in CAFS, a low boiling point solvent and 
a high boiling point solvent. The more volatile solvent evaporates in furnace while the 
high boiling point solvent remains in droplets where multiple nucleations may occur but 
no densification takes place. Using this method, CdS, CdSe, and CdTe quantum dots with 
narrow size distributions have been produced.68  The size of quantum dots can be 
controlled and their fluorescence spectrum be tuned by changing the precursor 
concentration and furnace temperature (Figure 1.21).  This synthetic route was further 
extended to prepare CdTeSe and CdTeS quantum dots which fluoresce in the red to near-
IR regions.69  
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 Figure 1.21 (A) TEM and (inset) HRTEM of CdSe quantum nanoparticles synthesized 
via CAFS. (B) Fluorescence spectra of CdTe quantum dots with increasing Cd 
concentration from left to right. (C) Photoluminescence photos of CdSe nanoparticles 
synthesized at different furnace temperatures (from left to right: 180 °C, 220°C, 240 °C, 
260 °C, 280 °C, 300 °C, 320 °C) in toluene.68 
 
1.5 Summary and Outlook  
As illustrated in this chapter, spray pyrolysis has been used extensively in the 
preparation of both films and fine powders. A diverse set of materials have been 
synthesized with spray pyrolysis, ranging from simple metals and metal oxides to more 
complex carbons, MOFs and composite materials.  Many varieties of morphologies of 
materials are also achieved mainly through choosing the appropriate precursor, template, 
solvent, and furnace temperature. Spray pyrolysis is a powerful synthetic tool especially 
for application-based materials due to the scalability of this technique and the 
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environmentally friendly nature of many of the common precursors and templating 
methods. This dissertation focuses on two examples of USP synthesis. First example is 
the USP preparation of gold nanoparticles in porous carbon as a catalyst.  Included is an 
evaluation of catalytic activities of the composite catalyst. The second example involves 
the USP preparation of porous iron oxide from an energetic precursor. The evaluation of 
the porous and hollow iron oxide as a lithium-ion battery anode material will also be 
discussed.  
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CHAPTER 2 
GOLD IN POROUS CARBON VIA ULTRASONIC SPRAY PYROLYSIS 
 
2.1 Introduction 
Gold was considered catalytically inactive until 1987, when Haruta and co-
workers found that gold nanoclusters supported by metal oxides showed high activity 
toward CO oxidation even below room temperature.1 Since then, there has been intense 
interest in the use of Au nanoparticles (NPs) to catalyse a variety of reactions, including 
low temperature oxidation of CO,2–4 selective oxidation of alcohols,5 epoxidation of 
alkenes6 and reduction of nitroaromatic compounds.7–9 Due to their high surface energy, 
however, Au NPs readily sinter, resulting in a substantial decrease in catalytic 
activity.10,11 To solve this problem, encapsulated structures have been developed using 
various porous supports, including metal oxides,12–17 silica,8,18,19 dendrimers,20,21 organic 
polymers,9,22,23 and porous carbon,24,25 which have improved the catalytic activity and 
stability of Au NPs. Encapsulated Au NPs are currently prepared using deposition-
precipitation7 or the coating of support materials on Au NPs followed by further chemical 
etching to introduce porosity into the supports.8,9,12,23,24 These preparation methods are 
usually cumbersome, require multiple steps and use sacrificial templates or toxic etching 
reagents. Improvements are therefore still needed in both the synthetic methodology and 
the production of porous encapsulating supports.   
Porous carbon materials have very unique physical and chemical properties; they 
have been extensively used in gas storage and separation, water treatment, electrode 
materials and catalysis.26-48 Most porous carbons are prepared by carbonization of raw 
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natural materials such as wood and coal, with further chemical and physical treatments to 
enhance pore structure in carbon.26, 49-54 These so-called activation processes usually 
involve the use of chemicals (e.g. KOH, Na2CO3, ZnCl2, and H3PO4) and high 
temperatures (~700 – 1100 °C). Other methods in making porous carbons have been 
recently developed by using carbon precursors such as block copolymers, sugars and 
resorcinol-formaldehyde resins.55-60 A variety of sacrificial templates (e.g. silica, metal-
organic frameworks, and zeolites) have also been used to synthesize porous carbons with 
predetermined and uniform sizes or structures. 
In the past decade, the Suslick group has developed porous carbon materials using 
a continuous, one-step and template-free synthetic approach – ultrasonic spray pyrolysis 
(USP). Different carbon precursors with easily dissociated leaving groups have been used 
such as alkali halocarboxylates or substituted alkali benzoates,61 sucrose62 as well as 
alkali propiolates63 and porous carbons with high surface area have been achieved. The 
carbon morphology and structure is strongly dependant on the types of precursors and 
reaction conditions. The facile control over the product chemical and physical 
composition in the USP synthesis also makes it particularly useful in the preparation of 
composite and multicomponent materials.  
In this chapter, the first preparation of porous carbon-encapsulated Au NPs 
(abbreviated Au/C) using USP will be demonstrated. The catalytic activity of synthesized 
USP Au/C will also be discussed. Au nanoparticles embedded in porous carbon 
microspheres with high surface area (~800 m2/g) can be prepared using USP. The USP 
Au/C exhibits high surface catalytic activity for the reduction of both hydrophilic and 
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hydrophobic molecules due to the highly porous and amphiphilicity of the carbon 
support.  
 
2.2 Experimental Methods 
2.2.1  USP Apparatus 
All USP products were prepared using a horizontal USP setup as shown in Figure 
2.1. The aerosol is generated using an ultrasonic nebulizer built in-house at the University 
of Illinois by the School of Chemical Sciences Electronic Shop (Figure 2.2A).  The 
nebulizer consists of a board (APC International, Inc., #50-1011) containing a 
piezoelectric transducer which operates at 1.65 MHz (Figure 2.2B).  The base also 
contains an internal variable AC transformer (variac) which controls the power going to 
the piezoelectric transducer and, thus, the intensity of the generated ultrasonic wave.  All 
the synthesis was performed using the maximum power of the nebulizer.  The top portion 
of the nebulizer is a water bath which is in contact with the piezoelectric.   
 
Figure 2.1  Schematic of the horizontal USP setup used by the Suslick group. 
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 Figure 2.2 Photographs of (A) the home-built nebulizer and (B) the front and back of the 
piezoceramic nebulizer board.  Image adapted from 
http://www.americanpiezo.com/products_services/nebulizers.html. 
 
The custom nebulization cell consists of a 57 mm O-ring flat flange (Chemglass, 
#CG-138-02) fused to the bottom of a 1 L, 3-necked round bottom flask with 24/40 
ground glass joints.  A custom clamp (made by the University of Illinois School of 
Chemical Sciences Machine Shop) is used to secure a 2 mil, polyethylene membrane (cut 
from a plastic bag) to the flange of the cell.  The membrane separates the precursor 
solution in the nebulization cell from water in the nebulizer and allows the transduction 
of ultrasound from the water bath to the precursor solution.  The clamp consists of the 
following from the bottom up:  a brass ring (9 cm outer diameter, 6 cm inner diameter, 2 
mm thick) with six equally spaced holes (1/4 in diameter), a polytetrafluoroethylene 
(PTFE) ring of similar dimensions, a second PTFE ring (5.6 cm outer diameter, 2.8 cm 
inner diameter, 7 mm thick) with an O-ring groove (4 mm wide, 1.5 mm deep) and a 
corresponding O-ring (which comes with the flat flange), the plastic film, the 
nebulization cell flange, two half-moon PTFE rings, and two half-moon brass rings (with 
the same dimensions as the first brass and PTFE rings).  This assembly is held together 
with six socket head cap screws (1/4 in outer diameter, 2 in in length) which are threaded 
on/off
switch variac
water
level
sensor
piezoceramic
alignment
pegs
A
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through the six holes and secured with appropriate nuts and washers (Figures 2.3 and 
2.4).  The assembled cell is placed into the water bath, and any air bubbles trapped 
between the plastic film and the water bath are removed with a syringe to minimize 
impedance mismatch and maximize ultrasound transduction to the precursor solution. 
 
Figure 2.3 (a) Photograph of the custom nebulization cell clamp.  (b) Photograph of the 
custom nebulization cell with clamp in the nebulizer base. 
 
 
Figure 2.4 Schematic of the custom nebulization cell clamp showing the order of the 
different parts and the location of the plastic membrane and nebulization cell. 
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A custom carrier gas inlet (Figure 2.5) is inserted into one of the side necks of the 
nebulization cell to direct the carrier gas to the center of the mist for efficient sweeping of 
the aerosol through the furnace tube.  It is composed of a male 24/40 ground glass hose 
connection joint with a tube that extends into the center of the nebulization cell (7 mm 
outer diameter, 5 mm inner diameter, ~3 in in length).  The carrier gas is connected to the 
hose connection of the custom gas inlet, and the flow rate of the gas is controlled by a 
rotameter.  A rubber septum is inserted into the other side neck of the nebulization 
cell.  This allows for precursor solution to be injected into the nebulization cell without 
the introduction of outside air for oxygen sensitive reactions. 
 
 
Figure 2.5 Schematic of the custom carrier gas inlet. 
 
A standard rotary evaporator trap with a 24/40 ground glass joint is connected to 
the center neck of the nebulization cell to prevent large splashes from the aerosol 
generation from entering the furnace which would result in a less uniform droplet size 
and particle size distribution. 
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A quartz furnace tube (35 mm outer diameter, 32 mm inner diameter ~40 cm 
long, made by Quartz Scientific, Inc., Figure 2.6) with a 24/40 male ground glass joint at 
one end and a 35/25 ground glass ball joint at the top is inserted through a horizontally 
oriented radiant heating furnace (Omega CRFC-212/120-C-A) and connected to the 
bump trap via the 24/40 joint.  The furnace (Figure 2.7) is controlled by a variable AC 
transformer and can reach temperatures as high as 1100 °C.  The temperature is 
monitored by a K-type thermocouple inserted between the furnace and the furnace 
tube.  The tip of the thermocouple is placed approximately one-fourth of the way down 
the tube.  
 
Figure 2.6 Schematic of the quartz furnace tube. 
 
 
 
 
 
 
Figure 2.7 Schematic of the cylindrical furnace.64  
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A glass adapter with a 35/25 ground glass socket joint on one end and a hose 
connection on the other caps the furnace tube and is held in place with a c-clamp.  Tygon 
tubing (5/16 in inner diameter, 7/16 in outer diameter) is used to connect this adapter to a 
series of bubblers (e.g., Chemglass #CG-4515) also connected by Tygon tubing.  The 
bubblers are used for particle collection, with each bubbler containing ~50 mL of 
collection liquid. 
 
2.2.2  Precursor Solution Preparation and Reaction Conditions 
In a typical reaction, an aqueous solution with 5 mM HAuCl4 (Au source), 0.5 M 
sucrose (carbon source), and 1 M NaNO3 (catalyst and pore formation agent) was made 
by dissolving each solid component in Nanopure water. The materials were collected in 
water in bubblers and then washed with water/ethanol (1:1 vol) solution 4 times.  
The furnace was preheated to a desired temperature (500-700 °C), and Argon was 
used as the carrier gas at a flow rate of 1 SLPM.  Under these conditions, the droplet 
residence time is estimated to be less than 10 s.  DI water was used as the collection 
liquid in the bubblers.  The precursor solution was added to the nebulization cell, and the 
Argon was purged through the system for approximately half an hour before the 
nebulizer was turned on.  After the entire precursor solution was aerosolized or after the 
desired amount of product had been obtained, the nebulizer was turned off.  Any 
remaining aerosol was allowed to dissipate before turning off the heating. 
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2.2.3 Product Isolation and Washing 
Four bubblers were used to collect the product after USP.  After the reaction was 
shut down, the bubbler liquid was collected and centrifuged (with Fisher Model 225 
centrifuge, ~5000 rpm for 20 min) to isolate the product. Product was then washed with 
DI water/ethanol (1:1 vol) and centrifuged at least 4 times to remove salt and organic 
residue.  The washed product was then dried in a vacuum oven overnight at ~60 °C. 
 
2.2.4 Characterizations 
Transmission electron microscopy (TEM) micrographs were obtained on a JEOL 
2100 Cryo microscope with an accelerating voltage of 200 kV. Scanning electron 
microscopy (SEM) micrographs were obtained on a Hitachi S-4800 microscope operating 
at 15 kV. An image analysis software package, ImageJ, was used to measure nanoparticle 
sizes. Elemental analysis was performed with a CE 440 CHN Analyzer and inductively 
coupled plasma-mass spectrometer by the Microanalysis Lab of School of Chemical 
Sciences at UIUC. Powder X-ray diffraction (XRD) patterns were obtained on a 
Siemens/Bruker D-5000 XRD using Cu Kα radiation. X-ray photoelectron spectra (XPS) 
were collected on a Physical Electrons PHI 5400 X-ray Photoelectron Spectrometer using 
Mg Kα radiation. FTIR spectra were acquired on a Thermo Nicolet Nexus 670 FTIR 
spectrometer using a KBr pellet from 4000 cm-1 to 800 cm-1 at room temperature. Three 
point Brunauer-Emmitt-Teller (BET) specific surface areas and nitrogen adsorption 
isotherms were measured using a Quantachrome Nova 2200e system. Pore-size analysis 
was performed using the Barrett-Joiner-Halenda (BJH) method. The UV-Vis 
measurements were performed on a Cary 50 UV-Vis spectrophotometer.  
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2.2.5  Catalytic Activity Tests 
Catalytic activity tests for all the chosen nitroaromatic compounds were carried 
out at 25 °C. 0.2 mL 1mg/mL Au/C suspension in water was added to 3 mL 0.1 M 
NaBH4 aqueous solution and the mixture was stirred with magnetic stirring for 10 min. 
0.1 mL 2.5 mM nitroaromatic compound aqueous solution was then added. The reaction 
was carried out with magnetic stirring and UV-Vis spectra were collected every 1.5 min 
and the absorptions at fixed wavelengths were measured every second.  
Styrene epoxidation reaction over USP Au/C was carried out at atmosphere; a 
mixture of USP Au/C catalyst (0.03 g), styrene (1.3 mL, 10 mmol) and acetonitrile (15 
mL) was first magnetically stirred for 30 minutes flushed with Argon to remove O2. Then 
5.0 g (38 mmol) t-butyl hydroperoxide (70 wt% in water) was added. The reaction vessel 
was then immersed in oil bath and heated to reflux (82 °C) under Argon. Aliquots of the 
reaction solution were withdrawn from the reaction mixture periodically and analyzed by 
GC-MS analysis.  
  
2.3  Results and Discussion 
TEM and SEM micrographs (Figure 2.8) show that Au NPs are encapsulated in 
carbon microspheres, and that a furnace temperature of 700 °C gives the most highly 
dispersed Au NPs. XRD (Figure 2.9) confirms the crystallinity of the Au NPs in an 
amorphous carbon matrix. The surface areas of the carbon supports are 770 m2/g, 40 
m2/g, and 10 m2/g for the products produced using furnace temperatures of 700 °C, 600 
°C, 500 °C, respectively; at 800 °C, sintering of the Au NP occurs. The optimum reaction 
temperature in terms of porosity of support and minimal sintering is therefore 700 °C.  
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 Figure 2.8 TEM images of USP Au/C microspheres at high and low magnification.  (a) 
and (e) USP Au/C prepared at 700 °C, (b) and (f) at 600 °C, (c) and (g) at 500 °C. (d) 
Low magnification SEM image of Au/C microspheres synthesized at 700 °C. The 
porosity of the carbon support is substantially greater at 700 °C than at lower 
temperatures.   (h) TEM image of porous carbon particles synthesized without Au at 700 
°C.  
 
 
Figure 2.9 XRD pattern (black) of Au/C synthesized at 700 °C compared with the 
standard Au XRD PDF # 00-004-0784 (red) 
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The average crystallite size of the Au NPs in carbon spheres synthesized at 700 
°C, calculated by the Debye-Scherrer equation, is 31 nm, which is slightly smaller than 
that measured directly from TEM images (33 nm) (Figure 2.10). This demonstrates that 
Au NPs are mostly single crystallites with minimal polycrystalline domains. The pore- 
size distribution of USP Au/C shows it to be a mesoporous material with most pores 
smaller than 10 nm (Figure 2.11). The pore volume calculated from pore-size distribution 
results is 0.4 cm3/g for USP Au/C synthesized at 700 ˚C. The density of porous carbon is 
thereby estimated to be 1.1 g/cm3 (i.e., roughly half the density of graphite). The volume 
occupied by Au with 3.3 wt% loading can then be calculated to be ~0.19%. That is to 
say, only a negligible amount of the total pore volume is occupied by the gold 
nanoparticles: i.e., no clogging of the catalyst pore structure occurs. 
 
Figure 2.10 Size distribution of the Au nanoparticle within the carbon spheres 
synthesized at 700 °C according to TEM images; 116 Au nanoparticles sized using 
ImageJ image analysis software. 
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 Figure 2.11 Pore size distribution of porous carbon support of Au/C prepared at 700 °C. 
 
 
FTIR spectrum shows the presence of aromatic structures as well as polar surface 
functionality (e.g., as hydroxyl or carboxylic acid groups) on the USP Au/C microspheres 
(Figure 2.12). Consistent with the FTIR data, the C 1s and O 1s peaks in XPS spectra 
indicate the presence of surface carboxylic acid and ester functionalities (Figure 2.13). 
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 Figure 2.12 FTIR of (a) USP Au/C synthesized at 700 °C and (b) USP porous carbon 
without gold. The presence of similar polar surface functionality (e.g., surface hydroxyl 
or carboxylic acid groups) is clearly evident both in the absence and presence of Au.  
 
 
 
 
Figure 2.13 (a) C 1s, (b) O 1s and (c) Au 4f XPS spectra and peak fitting of Au/C 
synthesized at 700 °C. In (b), the specific types of oxygen atoms are shown in red. 
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The catalytic activity of USP Au/C was evaluated using a standard benchmark 
reaction: the reduction of 4-nitrophenol (4-NP) by NaBH4.7  NaBH4 does not reduce 4-
NP in the absence of USP Au/C particles or in the presence of USP C without Au (Figure 
2.14). After the addition of 0.2 mL aqueous suspension of USP Au/C (1 mg/mL), the 
yellow colour of the reaction mixture gradually diminished. As shown in the UV-Vis 
spectra, the 4-NP absorption peak at 400 nm decreases and a new peak due to the 
formation of 4-aminophenol (4-AP) at 300 nm appears (Figure 2.15). The isosbestic 
points at 317, 280, 244 and 225 nm demonstrate that 4-AP is the only significant product 
of the catalytic reduction of 4-NP.  
 
 
Figure 2.14 UV-Vis spectra of control experiments. (a) A solution of 4-nitrophenol and 
NaBH4 without catalyst as initially prepared and after 24 hours (same concentrations as 
Figure 2.15).  (b) A solution of nitrobenzene and NaBH4 at the same concentrations as 
Fig. S10. (c) A solution of 4-nitrophenol and NaBH4 with porous carbon without Au 
added; no reactivity is observed over 15 min. 
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Figure 2.15 (a) Time-dependent UV-Vis absorption spectra over the full time of 
reduction of 4-nitrophenol with NaBH4 catalysed by Au/C synthesized at 700 ˚C. (b) Plot 
of ln(Ct/C0) versus reaction time for initial rate studies. Ct/C0 is calculated based on the 
absorbance of 4-NP at 400 nm.  
 
Since the concentration of NaBH4 was much higher than that of 4-NP (CNaBH4/C4-
NP=1200), pseudo-first-order kinetics were used to calculate the rate constant. A linear 
relationship between ln(Ct/C0) and the reaction time was found which fit the first-order 
reaction kinetics (Fig. 3b). The apparent rate constant kapp was calculated to be 1.0 x 10-2 
s-1. In terms of the catalyst mass, the rate constant per g of gold is 1.5 x 103 s-1g-1 (3.0 x 
105 s-1mol-1 gold).  It was found that the apparent rate constant kapp was proportional to 
the surface area of Au NPs in the reaction system:65 
                                                   −𝑑𝑐𝑡
𝑑𝑡
= 𝑘𝑎𝑝𝑝𝑐𝑡 = 𝑘′𝑆𝑐𝑡                                               (2.1) 
where ct is the concentration of 4-NP at time t, and k′ is the rate constant normalized to 
the surface area S of Au NPs. k′ is calculated to be 9.1 x 10-3 s-1cm-2 (or 6.3 x 106 s per 
mol of surface gold atoms), which is the most active yet reported (Table 2.1). 
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Table 2.1 Comparison of the catalytic activities of composite gold catalysts for the 
reduction of 4-nitrophenol 
 
Catalyst Reference Structure Surface area (m2/g) 
Au NP 
Diameter 
(nm) 
kapp 
(s-1) 
k′gold a 
(s-1g-1) 
k′surface goldb 
(s-1cm-2) 
k″surface goldb 
(s-1 mol-1) 
USP Au/C This  work Encapsulated 770 33 1.0 x 10
-2 1.5 x 103 9.1 x 10-3 6.3 x 106 
Au@SiO2 8 Core-shell Not reported 43 3.9 x 10-3 1.2 x 10 9.4 x 10-5 6.5 x 104 
Au@ZrO2 12 Ball-in-ball 222 6.3 5.2 x 10-3 1.1 x 103 1.2 x 10-3 8.1 x 105 
Au-Fe3O4 66 Dumbbell 7.5 5.0 1.1 x 10-2 2.8 x 10 2.5 x 10-5 1.7 x 104 
Fe3O4@SiO2
-Au@mSiO2 
7 Core-shell 236 12 5.8 x 10-3 8.8 x 10 1.9 x 10-4 1.3 x 105 
 
a k′gold is the rate constant per gram of gold used.                                                                                                                                                                                      
b k′surface gold is the rate constant per gold cm2 and k″surface gold  is per mol of surface gold atoms, using a mean 
atomic diameter for gold of 135 pm. 
 
During the catalytic reaction, 4-NP first diffuses into the carbon support and 
absorbs on the surface of the Au NPs where the catalytic reaction occurs, followed by the 
desorption of 4-AP and then diffusion out of the carbon support.66 Therefore, the high 
catalytic activity of this USP Au/C catalyst is likely due to the increased accessibility of 
the gold catalyst; with low porosity carbons (formed at 500 or 600 °C), the catalytic 
reaction is negligible (i.e., <<1% as fast). Increased Au loadings in the final catalyst can 
be achieved by increasing the concentrations of HAuCl4 in aqueous precursor solutions. 
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The higher loadings, however, also intrinsically increase the Au nanoparticle sizes within 
the catalysts. The k′gold (the rate constant per g Au) are comparable for lower Au 
concentrations (5 mM and 20 mM), but decreases (as expected) at higher Au 
concentration (50 mM) where sintering and larger Au nanoparticles are formed (Figure 
2.16 and Table 2.2). For comparison, a conventional wet impregnation method was used 
to make Au-loaded on activated carbon (referred to as Au/AC) with the same Au loading 
(3.3 wt%) as USP Au/C. Compared to USP method, the conventional wet impregnation 
method gives larger Au particle size (Figure 2.17) and lower surface area (340 m2/g) of 
Au/AC, which decreases the catalytic activity by a factor of four (Table 2.3). 
 
 
Figure 2.16 TEM images of USP Au/C synthesized at 700 °C with different Au loadings.  
Increasing the initial HAuCl4 concentrations in the nebulized precursor solution increases 
the amount of Au in the final catalysts, but also increases the Au nanoparticle size. (a) 5 
mM HAuCl4 in the precursor solution, (b) 20 mM HAuCl4 and (c) 50 mM HAuCl4. In all 
cases the aqueous precursor solution contained 0.5 M sucrose and 1.0 M NaNO3. 
 
 
 
 
 
b ca
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Table 2.2 Comparison of catalytic activities of USP Au/C with different gold loadings. 
HAuCl4 initial 
concentration 
Au wt% 
in catalyst 
kapp (s-1) k′gold  (s-1g-1) 
5 mM 3.3% 1.0 x 10-2 1.5 x 103 
20 mM 4.3% 1.7 x 10-2 2.0 x 103 
50 mM 38.5% 4.1 x 10-2 5.3 x 10 
 
 
 
 
Figure 2.17 TEM image of conventionally prepared wet impregnation Au-loaded on 
activated carbon. The mean Au NP size is 61 nm, as measured using ImageJ. 
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Table 2.3 Comparison of USP Au/C and Au-loaded on activated carbon synthesized 
using impregnation method.  
Catalyst 
Surface 
area 
(m2/g) 
Au NP 
diameter 
(nm) 
Au wt% kapp (s-1) 
k′gold 
(s-1g-1) 
k′surface gold 
(s-1cm-2) 
k″surface gold                 
(s-1 mol-1) 
USP Au/C 770 33 3.3% 1.0 x 10-2 1.5 x 103 7.0 x 10-2 1.2 x 107 
Au/AC* 340 61 3.1% 2.5 x 10-3 4.0 x 102 1.7 x 10-2 3.0 x 106 
  *Au/AC refers to the catalyst prepared by conventional wet impregnation of HAuCl4 on activated carbon, 
described in the Experimental Details section above. 
In previous studies, induction times of up to several minutes were observed before 
the catalytic reduction of nitrophenol occurs;65-68 it was speculated that these induction 
times may be related to an activation or restructuring of the metal surface by nitrophenol. 
For USP Au/C, however, we do not observe any induction period and the reaction occurs 
immediately upon addition of the catalyst (Figure 2.15b), which indicates that no 
activation step is needed for the Au NPs in our catalysts to achieve high catalytic activity. 
 Importantly, our Au/C catalyst exhibits good catalytic activity for both 
hydrophilic and hydrophobic reactants (Table 2.4), making it a versatile catalyst with 
broader potential applications. Prior Au catalysts are generally effective for the reduction 
of hydrophilic substrates only.7,8,12,18,66 Only one study, using Au NP embedded in a 
block copolymer, reported the ability to reduce a hydrophobic nitroaromatic 
(nitrobenzene) but that catalyst was unable to reduce hydrophilic substrates.22 We 
examined the catalytic activity of USP Au/C for reductions of a series of nitroaromatic 
compounds with different hydrophobicities; log P in Table 3.4 is the log of the Hansch 
coefficient of hydrophobicity (i.e., the octanol/water partition coefficient).69 USP Au/C 
catalysed reductions of 2,4-dinitrophenol, 2-methyl-4-nitrophenol, 2,6-dimethyl-4-
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nitrophenol, and nitrobenzene were carried out at similar conditions as those for 4-
nitrophenol (Figure 2.18). Our USP Au/C shows high catalytic activity for all reactants, 
and similar rate constants were obtained for the reductions of nitrophenols regardless of 
their hydrophobicity (Table 2.4). This indicates that compounds with different 
hydrophobicities can readily diffuse into the carbon support and access the surface of Au 
NPs. The catalytic activity of our material for both hydrophobic and hydrophilic 
nitroaromatics is mostly due to the amphiphilicity of our carbon support, as indicated by 
the FTIR analysis (Figure 2.12), which showed both hydrophobic structures as well as 
hydrophilic functional groups in the carbon. 
 
Table 2.4 Partition coefficients and rate constants of catalysed reductions of chosen 
nitroaromatic compounds 
 
Substrate log P k (s-1) 
4-nitrophenol 1.61 1.0 x 10
-2
 
2,4-dinitrophenol 1.74 1.7 x 10
-2
 
2-methyl-4-nitrophenol 2.01 1.3 x 10
-2
 
2,6-dimethyl-4-nitrophenol 2.35 1.2 x 10
-2
 
nitrobenzene 1.92 8.9 x 10
-3
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 Figure 2.18 (a) Time-dependent UV-vis absorption spectra of the reaction mixture 
(nitrobenzene and NaBH4) catalysed by Au/C prepared at 700 °C. (b) Plot of ln(Ct/C0) 
versus reaction time. Ct/C0 is calculated based on the absorbance of nitrobenzene at 275 
nm. 
 
Supported gold catalysts are also very active in catalyzing the epoxidation of 
propene70,71and styrene.72,73 Here the catalytic activity of USP Au/C was tested towards 
styrene epoxidation with t-butyl hydroperoxide (TBHP) at 82 °C. The conversion of 
styrene can achieve above 60% after 50 hours (Figure 2.19). Initially, the selectivity of 
styrene epoxidation is as high as 70%, but diminishes due to secondary oxidation of the 
epoxide and isomerization of styrene oxide to several other products (e.g., benzaldehyde 
and styrene dimers). This catalytic activity is comparable to some reported Au catalysts 
but not outstanding compared with other reports.7  
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 Figure 2.19 Epoxidation of styrene using TBHP as an oxidant over USP Au/C. The 
conversion of styrene and the selectivity of styrene oxide were plotted against the 
reaction time. 
 
2.4  Conclusions 
Gold nanoparticles encapsulated in porous carbon spheres were synthesized using 
a simple one-step, template-free ultrasonic spray pyrolytic method. The rate constant in 
terms of surface Au atoms for the reduction of 4-nitrophenol is about ten times higher 
than the best prior literature report. The USP Au/C also exhibits high catalytic activity for 
the reduction of more hydrophobic substrates (e.g., nitrobenzene). The high catalytic 
activity of USP Au/C for the reduction of both hydrophilic and hydrophobic 
nitroaromatic compounds is due to the high porosity and amphiphilicity of the carbon 
support. The USP Au/C also exhibits active catalytic activity for a more practical 
reaction, the epoxidation of styrene with TBHP. 
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CHAPTER 3 
SYNTHESIS OF POROUS IRON OXIDE FROM  
AN ENERGETIC IRON COMPLEX VIA ULTRASONIC SPRAY PYROLYSIS 
 
3.1 Introduction 
3.1.1 Microstructured Iron Oxides Materials 
 Iron oxide materials have been extensively studied in various fields including 
catalysis,1-6 sensors,7-9 environmental protection,10,11 energy storage,10-14 and biomedical 
diagnosis and treatment.14 Nano- and microstructured iron oxides are especially 
interesting owing to their high surface area, unique structures, and applications for 
lithium-ion batteries16-19 and biomedicine. Various iron oxide structures, such as 
nanocrystals, spindles, rods, wires, and flasks have been fabricated using a wide range of 
synthetic methods, including colloidal synthesis, hydrothermal synthesis, sol-gel, self-
assembly and physical vapour deposition. These methods, however, usually involve 
multiple steps and the use of templates; scale-up is therefore difficult and is often not 
cost-effective. The iron oxides produced usually have relatively low surface areas (<100 
m2/g) when compared with other porous materials.  
Aerosol syntheses have been widely used in industry for fine powder production 
and thin film deposition because the process is simple and can be easily scaled up for 
mass production. Over the past decades, aerosol synthesis methods have been extensively 
utilized to prepare a variety of materials including metals, metal oxides and carbons. As 
described in Chapter 1, we have previously developed a continuous, one-step, and 
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template-free aerosol approach using ultrasonic spray pyrolysis (USP) to prepare porous 
carbon spheres, metals, and metal sulphides.  
In this chapter, we report a new method for the production of high surface area 
iron oxide by using an energetic material, iron bistetrazolylamine, as a USP precursor. 
Hollow Fe3O4 microspheres with specific surface area as high as 170 m2/g have been 
produced in a one-step and template-free synthesis; their application in lithium-ion 
battery has also been studied.  
 
3.1.2 Bistetrazolylamine and Metal Bistetrazolylamine Complex 
 Bistetrazolylamine is a high-nitrogen containing, energetic compound. Tappan et 
al. reported combustion synthesis of metal nanofoams using metal bistetrazolylamine 
complexes. Table 3.1 lists the reactivity of metal complexes with high-nitrogen content 
ligands. In terms of energetic decomposition, most energetic high-nitrogen metal 
complexes exhibit an “all or nothing” behavior. They are either extremely sensitive with 
tendency to detonate or lack of any self-sustained energetic decomposition. For metal 
complexes with ligands that contain bridged tetrazole rings (e.g. bistetrazol (BT), 
bistetrazolamine (BTA), and azotetrazole (AzT)), the slight structural differences lead to 
dramatic changes of the decomposition dynamics of derivative metal complexes. Among 
all the complexes of tetrazole ligands, only BTA complexes are mildly energetic, capable 
of self-sustained combustion but not detonation, making it a promising precursor for 
metallic and metal oxide materials.  
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Table 3.1 Common high-nitrogen free acids that yield energetic metal salts or energetic 
metal complexes.20 
 
 
  
3.2 Experimental Methods 
3.2.1 Synthesis of Bistetrazolylamine  
The bistetrazolylamine ligand was synthesized as previously reported,20,21 but on 
a small scale for safety. 15 mL 2 M HCl was added over the course of half an hour to a 
100 mL three-neck flask containing a refluxing suspension (oil bath set to 90 °C) of 
sodium dicyanamide (0.89 g, 10 mmol), sodium azide (1.3 g, 20 mmol), ethanol (8 mL), 
and water (5 mL). The reaction mixture was refluxed for another 12 hours. After cooling 
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to 0 °C in an ice bath, 15 mL concentrated HCl (6 M) was added and the precipitate was 
then filtered off and washed with water. The product was recrystallized with boiling 
water and dried under vacuum overnight.  
 
3.2.2 Synthesis of Iron (III) Bistetrazolylamine  
A solution made of Fe(NO3)3∙9H2O (4 mmol) in 6 mL DI H2O was slowly added 
to a hot solution (70 °C) containing BTA∙H2O (12 mmol), concentrated ammonium 
hydroxide (6 mL) and H2O (30 mL).  The mixture was refluxed with stirring for another 
5 hours before the solid product was collected via rotary evaporator. Then the solid 
product was extracted using a Soxhlet extractor (Figure3.1) with methanol as the solvent.  
 
 
Figure 3.1 Schematic illustration of a Soxhlet extractor. Adopted from E. Generalic, 
http://glossary.periodni.com/glossary.php?en=Soxhlet+extractor. 
 
 
 
3.2.3 Protocols for Safely Handling of Energetic Materials 
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 Since BTA and FeBTA are both mild explosives and are sensitive to high 
temperatures, one should strictly follow the protocols for safely handling of energetic 
materials (http://expdb.chm.uri.edu/ and http://www.northeastern.edu/alert/).  
Before handling any reactive materials, literature reports on their explosive 
characteristics need to be fully reviewed. For each batch of synthesis, no more than 1 g of 
each chemical should be synthesized. Operational protocols and quantity need to be 
reviewed by a PI or safety personnel. All synthesis must be performed in a working hood 
with a pull-down sash and a blast shield (a polycarbonate shield of at least 0.25 in 
thickness) in place. The following personal protective apparel is always required while 
handling explosives: Safety glasses that have solid side shields or goggles, a flame 
resistant lab coat, closed-toe shoes, and heavy leather gloves if it is necessary to reach 
behind a shielded area.  
When heating is needed, use utmost caution to ensure that explosive materials are 
not in direct contact with the heating elements. Heating system should be monitored at all 
times unless equipped with override shutoff to protect against the failure of primary 
temperature control. Consideration should be given during design of the experiment to 
providing emergency cooling for the reaction vessel.  
Separate storage must be maintained for solid explosives, liquid explosives, 
detonators and unknown reactive materials. No more than 500 mg materials should be 
stored. Warning signs need to be posted on both the storage container and cabinet. 
More information about protocols of safely handling of explosive materials can be 
found in “Suslick Chemical Hygiene Plans” or on the Northeastern University Alert 
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Website for the awareness and localization of explosive-related threats 
(http://www.northeastern.edu/alert/). 
 
3.2.4  USP Precursor Solution Preparation and Reaction Conditions 
In a typical USP reaction, an aqueous solution with 0.14 g FeBTA ammonium salt 
(0.025 M) was made by dissolving FeBTA ammonium salt in 10 mL Nanopure water.  
The furnace was preheated to a desired temperature (e.g. 700 °C). Argon or 5% H2 in N2 
was used as the carrier gas at a flow rate of 1 SLPM.  Under these conditions, the droplet 
residence time is estimated to be less than 10 s.  DI water was used as the collection 
liquid in the bubblers.  The precursor solution was added to the nebulization cell, and the 
Argon was purged through the system for approximately half an hour before the 
nebulizer was turned on.  After the entire precursor solution was aerosolized or after the 
desired amount of product had been obtained, the nebulizer was turned off.  Any 
remaining aerosol was allowed to dissipate before turning off the heater. 
 
3.2.5 Product Isolation and Washing 
Four bubblers were used to collect the product after USP.  After the reaction was 
shut down, the bubbler liquid was collected and centrifuged (with Fisher Model 225 
centrifuge, ~5000 rpm for 20 min) to isolate the product. Product was then washed with 
DI water/ethanol (1:1 vol) and centrifuged at least 4 times to remove salt and organic 
residue.  The washed product was then dried in a vacuum oven overnight at ~120 °C, 
cooled under vacuum, and then purged with N2.  
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3.2.6 Materials Characterization 
3.2.6.1 Nuclear Magnetic Resonance (NMR) 
 Liquid state 1H and 15N NMR spectra were recorded at room temperature on 
Varian Unity Inova 600 NMR spectrometer in deuterated DMSO. The chemical shifts are 
quoted in parts per million (ppm) relative to DMSO (1H) and CH3NO2 (15N). 
 
3.2.6.2 Scanning Electron Microscopy  
 Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 
microscope operating at 15 kV. SEM samples were prepared by dispersing the product 
powder in ethanol, placing a few drops of the dispersion on a piece of silicon wafer and 
allowing the sample to complete dry at room temperature.  
 
3.2.6.3 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) micrographs were obtained on a JEOL 
2100 Cryo microscope with an accelerating voltage of 200 kV. TEM samples were 
prepared by dispersing the product powder in ethanol, dropping several drops onto a lacy 
formvar/carbon-copper grid (Ted Pella, #1881-F), and allowing the sample to complete 
dry before analysis.  
 
3.2.6.4 Thermal Gravimetric Analysis and Differential Scanning Calorimetry 
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
were conducted on a Mettler Toledo TGA/DSC 1 at ambient pressure with a flow of N2 
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gas and a scan rate of 10 °C/min. Approximately 2.5 mg of the solid precursor was 
loaded into the TGA crucible for analysis. 
 
3.2.6.5 Elemental Analysis 
Elemental analysis was performed with a CE 440 CHN Analyzer and inductively 
coupled plasma-mass spectrometer by the Microanalysis Lab of School of Chemical 
Sciences at UIUC.  
 
3.2.6.6 Powder X-ray Diffraction and Single Crystal X-ray Diffraction 
Powder X-ray diffraction (XRD) patterns were collected using Cu Kα radiation 
with a Siemens-Bruker D-5000 instrument operating at 40 kV and 30 mA. Single crystal 
X-ray diffraction patterns were collected by University of Illinois School of Chemical 
Sciences X-ray lab using Mo Kα radiation with a Siemens three circle platform 
diffractometer with a Bruker ApexII CCD detector.  
 
3.2.6.7 Nitrogen Adsorption Isotherms  
Three point Brunauer-Emmitt-Teller (BET) specific surface areas and nitrogen 
adsorption isotherms were measured using a Quantachrome Nova 2200e system.  
 
3.2.6.8 Raman Spectroscopy  
 Raman spectra were collected on a Nanophoton Raman 11 with 532 nm green 
laser. Raman samples were prepared by dispersing the product powder in ethanol, placing 
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a few drops of the dispersion on a piece of silicon wafer and allowing the sample to 
complete dry at room temperature under vacuum.  
 
3.2.6.9 Magnetic Property Test 
Superconducting quantum interference device (SQUID) measurements were taken 
by Dr. Tatiana Prozorov at Ames Laboratory at 300 K from -40 kOe to 40 kOe. 
 
3.3 Results and Discussion 
 Scheme 3.1 depicts the steps involved in the synthesis of BTA monohydrate and 
FeBTA ammonium salt. The BTA monohydrate (white powder after recrystallization) 
were characterized and identified by NMR spectroscopy and elemental analysis. The 1H 
and 15N NMR spectra were measured in [d6]-DMSO at room temperature. The 1H NMR 
spectrum for bistetrazolylamine shows a broad resonance (due to fast proton exchange) at 
around 11.9 ppm (Figure 3.2), which is typical value for tetrazole protons (H1 in 
molecular structure of BTA shown below).21  
 
H2bta 
The peak of the secondary amine proton was too broad to be observed in NMR spectra 
due to fast proton exchange. The 15N NMR spectrum indicates three kinds of N atoms 
existing which matches with the molecular structure of BTA (Figure 3.3). All NMR shifts 
are in agreement with previously reported results.21 Elemental analysis results show that 
1
1
25
12
3
4
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BTA monohydrate synthesized contains 15.9 wt% C (theoretical: 14.0 wt%), H 2.8 wt% 
(theoretical: 2.9 wt%) and N 70.6 wt% (theoretical: 73.8 wt%).  
 
 
 
 
Scheme 3.1 Protocols for the synthesis of BTA and FeBTA ammonium salt. 
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 Figure 3.2 1H spectrum of BTA. 
 
Figure 3.3 15N NMR spectrum of BTA. 
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  After the coordination reaction and purification, iron BTA salt (dark blue powder) 
was collected and recrystallized. The crystal structure for FeBTA ammonium salt 
(NH4)3[Fe(C2N9H)3] was characterized using single crystal X-ray diffraction, which has 
not been reported before (supplemental information on crystal structure is shown in 
Appendix). The thermal ellipsoid plot calculated is shown in Figure 3.4, which indicates 
a tri-chelated structure with three BTA ligands attached to the iron (III) center. Elemental 
analysis was performed to further confirm the composition of FeBTA ammonium salt (as 
shown in Table 3.2). The difference between found weight percentage and theoretical 
value may be due to solvent molecules not completely dried from the crystal.  
 
Figure 3.4 Thermal ellipsoid plot for FeBTA ammonium salt single crystal. Red: Fe 
atoms, Blue: N atoms, Grey: C atoms, Green: H atoms. 
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Table 3.2 Elemental analysis of FeBTA ammonium salt (NH4)3[Fe(C2N9H)3](CH3OH) 
(H2O) in weight percentage  
  
Element Theoretical (wt%) Found (wt%) 
C 13.70 13.85 
H 3.43 2.83 
N 68.52 67.77 
Fe 9.14 8.91 
O  5.22 6.64 (calc.) 
 
 To study the decomposition pathway for FeBTA ammonium salt and for safety 
concerns, thermal gravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) were conducted. As shown in Figure 3.5, the original exothermic decomposition 
of FeBTA salt occurs at ~210 °C. The multiple-step decomposition continues with 
gradual weight loss at higher temperatures until 700 °C when mostly only Fe was left. 
This decomposition behavior indicates the mildly energetic nature of FeBTA ammonium 
salt (without dramatic weight loss to release large amount of gas during initial 
decomposition). The continuous release of gaseous products at higher temperatures was 
previously reported to be beneficial for microporosity formation during the solidification 
of product particles.22,23 
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 Figure 3.5 TGA/DSC analysis of FeBTA ammonium salt. 
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 Figure 3.6 (A, B) TEM images of porous Fe3O4 synthesized using USP.  (C) High-
magnification TEM showing Fe3O4 nanoparticle structures. (D) SEM image of hollow 
microsphere Fe3O4 consisting with nanodisks. 
 
 The preparation of porous iron oxide using USP is same as illustrated in Chapter 2 
(Figure 2.1). Ultrasound (1.7 MHz, 6 W/cm2) is applied to generate an aerosol of 
precursor solution (typically 0.025 M FeBTA ammonium salt aqueous solution) which is 
swept through a heated zone (e.g., 700 °C) by carrier gas (e.g., Ar) with a residence time 
of ~10 s. SEM and TEM show that the product mostly consists of micron-sized spheres 
A B
C D
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made of agglomerated nanoparticles (Figure 3.6). These nanoparticles are crystal-like 
with sharp edges; voids in between nanoparticles were also observed. SEM image (Figure 
3.6D) further indicate more interesting morphology features of the microspheres – they 
are mostly hollow micron-sized hollow microspheres consisted of 2D nanodisks. The 
XRD pattern (Figure 3.7) shows the product contains magnetite with a high crystallinity. 
No peaks for other forms of iron oxide were found (e.g., hematite and maghemite), which 
indicates the high purity of magnetite produced. The Fe3O4 single domain size calculated 
based on Debye-Sherry equation is ~26 nm. Raman spectroscopy further confirms the 
Fe3O4 structure with characteristic Fe3O4 peaks at 309 cm-1 (T2g), 544 cm-1 (Eg) and 672 
cm-1 (A1g) respectively (Figure 3.8).24 The specific surface area measured by BET N2 
adsorption and desorption is ~170 m2/g which is among the highest in the reported results 
so far.16-19 The powder product also shows magnetic behavior when placing a magnet 
close to it (Figure 3.9). SQUID magnotometry measurements show a magnetic hysteresis 
and low coercivity of the Fe3O4 product (Figure 3.10), indicating the USP Fe3O4 is a soft 
magnetic material. The saturation magnetization of the USP Fe3O4 is ~65 emu/g, which is 
less than the bulk Fe3O4 material (92 emu/g)25 and larger than the previously reported 
Fe3O4 nanoparticles26 and hollow Fe3O4 microspheres27 at 300 K.  
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 Figure 3.7 XRD pattern (black) of Fe3O4 product compared with the standard Fe3O4 
XRD (red). 
 
 
Figure 3.8 Raman spectrum of Fe3O4 powder with 532 nm laser. 
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 Figure 3.9 A photo of synthesized Fe3O4 powder with a magnet. 
 
     
Figure 3.10 SQUID magnetometry hysteresis curves of porous Fe3O4 at 300 K with (a) 
full and (b) small scales.  
 
The mechanism for porous Fe3O4 formation is proposed based on the TGA 
analysis of FeBTA ammonium salt and previous literature. When the FeBTA complex 
undergoes decomposition starting at ~210 °C (Figure 3.5), the iron atom binding the 
complex together is reduced to its zero-valent state by nearby nitrogen and carbon centers 
and is released with significant kinetic energy. These atoms aggregate into nanometer-
scale grains that further agglomerate into larger iron particles.20 Meanwhile, the large 
amount of N2 gas released from the BTA ligand acts as a “blowing agent” during the 
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formation of iron particles and produces porosity. The mild explosive property of FeBTA 
and the gradual release of N2 gas (Figure 3.5) also allow the formation of nanoparticles 
assemblies (micro-sized shells) instead of separate nanoparticles that are completely 
blown apart. 
Surprisingly, only magnetite was produced in the USP process rather than iron or 
other forms of iron oxide. During the heating process, another chemical existing in the 
reaction system that we cannot ignore is water as the precursor solvent. Water evaporates 
into water steam at 100 °C, providing a temporary oxidizing environment around the 
droplets. The excessive water steam can further react with iron particles to form Fe3O4 
and H2 gas when the temperature is high enough. This exothermic process is known as 
the “steam-iron” process, which is one of the oldest methods for industrial production of 
high purity H2 gas by oxidizing Fe and FeO with water steam as shown with reactions 
(3.1) and (3.2).28  
 
Fe (s) + H2O (g)          FeO (s) + H2 (g)             ∆H900 °C = -16.8 kJ/mol           (3.1) 
3FeO (s) + H2O (g)          Fe3O4 (s) + H2 (g)      ∆H900 °C = -43.2 kJ/mol           (3.2) 
 
Typically this process is performed at temperatures in the range of 550 - 900 °C 
with excessive water steam. Due to thermodynamic constraints, it is not possible to 
oxidize Fe3O4 into Fe2O3 with water steam; therefore Fe3O4 with high purity can be 
produced. Using 5% H2 in N2 as the carrier gas instead of Ar, the product shows largely 
decreased crystallinity with another FeO phase appearing. This is likely due to the shift of 
equilibrium to the left with excessive H2 gas which has been demonstrated in previous 
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studies.29 There are various synthetic methods for Fe3O4 particles including colloidal 
synthesis, sol-gel and hydrothermal method. However, one of the main challenges of 
these synthetic techniques lie in their capacity to obtain magnetite with desired 
compositional, structural and crystalline uniformity. By coupling the steam-iron process 
with USP synthesis, hollow Fe3O4 microspheres consisting of highly crystalline 
nanoplates can be prepared in a simple one-step process, which could not be achieved 
using other methods.  
 
3.4  Conclusions 
Hollow magnetite microspheres consisting of 2D nanoplates were synthesized by 
using a mildly explosive iron complex, iron bistetrazolylamine, as the USP precursor. 
The resulting high surface area of the Fe3O4 microspheres is attributed to the large 
amount of gas released during decomposition of FeBTA and the energetic nature of the 
precursor which is “just right”. The “steam-iron” process has been incorporated with the 
USP technique, leading to highly crystalline Fe3O4 product without any other forms of 
iron oxides during the one-step synthesis. This novel synthetic method for Fe3O4 is 
advantageous compared with previous methods, and is promising to become a universal 
synthetic approach for the preparation of other metal oxides.  
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CHAPTER 4 
APPLICATIONS OF POROUS IRON OXIDE PREPARED BY  
ULTRASONIC SPRAY PYROLYSIS 
 
4.1 Introduction 
 In this chapter, the hollow and porous Fe3O4 microspheres prepared by ultrasonic 
spray pyrolysis (USP) are evaluated as a lithium-ion battery anode material and as a 
hyperthermia treatment agent. The synthesis of these Fe3O4 particles was discussed in 
Chapter 3.  
 
4.1.1 Lithium-Ion Batteries 
Lithium-ion batteries (LIBs) were first commercialized by Sony in 1990 and now 
are the most popular power sources for cell phones, laptop computers, digital cameras, 
and hybrid electric vehicles owing to their long cycling stability and high energy density 
relative to Ni-MH, Ni-Cd, and Pb-acid batteries. Lithium ions can be reversibly extracted 
from the cathode and inserted into the anode while maintain the structure of the electrode 
materials (Figure 4.1). Since the charging and discharging processes depend on the 
insertion/extraction of lithium ions in the electrodes, the physical and chemical properties 
of the electrode materials are crucial to the performance of the battery.1 To improve the 
performance of LIBs, numerous efforts have been devoted to developing new electrode 
materials or designing new structures of electrode materials.2,3  
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 Figure 4.1 Schematic illustration of the charging process of a rechargeable lithium-ion 
battery. 
 
4.1.2 Iron Oxide as Lithium-Ion Battery Anode Material 
For anode materials, graphite is commonly used in LIBs due to its high 
Coulombic efficiency (the ratio of the extracted lithium to the inserted lithium) and 
relatively low cost. The half-reaction with graphite as the anode material is shown as the 
reaction below. 
 6C + Li+ + e-  ⇄  LiC6. (4.1) 
Six carbon atoms are required for graphite to accommodate each lithium ion, resulting in 
a relatively low specific capacity (372 mAh/g). To achieve higher lithium storage 
capacities, various kinds of metal oxides have been developed to replace graphite as 
advanced anode materials.4–8 Fe3O4 is a promising candidate for replacing graphite due to 
its high theoretical capacity (~1000 mAh/g), abundance and nontoxicity, thus has been 
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widely studied as the anode material for lithium-ion batteries.9–12 Fe3O4 can react 
reversibly with lithium ions via the following reaction: 
                                   Fe3O4 + 8Li+ + 8e- ⇄ 4Li2O + 3Fe                                   (4.2) 
A major challenge when employing iron oxides as the anode material is that they suffer 
from large volume variation during the lithium insertion/extraction process, which leads 
to pulverization of the electrode and a very rapid decay in capacity. To improve the 
stability of iron oxide and the Li storage capacity, different nanostructures such as 
nanorods, nanotubes, hollow particles and porous particles have been investigated.9–13 
For example, hollow structures with 2D subunits of Fe3O4 have been shown to exhibit 
improved reversible capacity (as high as 580 mAh/g after 100 cycles, Figure 4.2). Micro- 
and nanostructured iron oxide-based anode materials for lithium-ion batteries are 
summarized in Table 4.1.  
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Figure 4.2 (A) XRD pattern, (B, C) SEM and (D) TEM images of Fe3O4 hollow 
microspheres synthesized by hydrothermal method. (E) Discharge-charge voltage profiles 
and (F) cycling performance of Fe3O4 hollow microspheres at a current density of 200 
mA/g between 0.05 V and 3.0 V.10 
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Table 4.1 Summary of the representative iron oxide-based anode materials for lithium-
ion batteries. Adapted from reference 9.   
 
Strategies Typical Examples Electrochemical Properties Ref. 
Nanostructuring Porous α-Fe2O3 microparticles 662 mAh/g after 100 cycles at 200 mA/g 14 
α-Fe2O3 nanowires 456 mAh/g after 100 cycles at 0.1 C 15 
Microflower-like α-Fe2O3 constructed by   
sheet-like subunits 
929 mAh/g after 10 cycles at 100 mA/g 16 
Single crystalline α-Fe2O3 nanosheets grown 
directly on Ni foam 
518 mAh/g after 50 cycles at 0.1 C 17 
Single-crystalline α-Fe2O3 nanosheets on 
conductive substrates 
700 mAh/g after 80 cycles at 65 mA/g 12 
Hollow structures Hierarchical α-Fe2O3 hollow spheres with 
sheet-like subunits 
710 mAh/g after 100 cycles at 200 mA/g 11 
Hierarchical hollow Fe3O4 microspheres 580 mAh/g  after 100 cycles at 200 mA/g 10 
Polycrystalline α-Fe2O3 nanotubes 1000 mAh/g after 50 cycles at 0.5 C,  
500–800 mAh/g at 1–2 C 
18 
Hierarchical Fe2O3  microboxes 945 mAh/g after 30 cycles at 200 mA/g 19 
Composite with 
carbon 
Carbon-Fe3O4 composite nanofibers 1000 mAh/g after 80 cycles at 200 mA/g 20 
2D ferrite/carbon hybrid nanosheets 600 mAh/g after 50 cycles at 100 mA/g 21 
3D graphene foams cross-linked with Fe3O4 
nanospheres encapsulated with graphene 
1059 mAh/g after 150 cycles at 93 mA/g 22 
 
4.1.3 Hyperthermia 
 Hyperthermia therapy, the purposeful increasing of local body temperature to aid 
in cell death, has been used successfully in conjunction with other therapies (e.g., 
radiotherapy or chemotherapy) to treat cancer.23-26  Recent studies have shown that the 
increased temperatures provided by hyperthermia make malignant tumors more 
susceptible to radiation and chemotherapy techniques, especially when the disease is in 
its earlier stages.27  Superparamagnetic iron oxide nanoparticles (SPIONs)28 have been 
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studied for their use in hyperthermia.23,25,26  Placing magnetic materials in a RF magnetic 
field can induce heating through three mechanisms:  (1) eddy current heating, (2) 
hysteretic heating, and (3) viscous heating.  In eddy current heating, eddy currents are 
induced in the conductive metals and create resistive heating within in the metal itself.  
This is a very small contribution in the heating of most magnetic particles.  Hysteretic 
heating is the energy that is dissipated when a magnetic field is forced through a 
hysteretic loop.  Hysteretic heating can occur with superparamagnetic materials, because 
superparamagnetism is time-dependent. For RF fluctuations, many common 
superparamagnetic materials will undergo hysteretic heating as several seconds may be 
needed for thermal noise (kT) to randomly orient the magnetic domains of the particles.  
Viscous heating is the heat from friction as the particles are physically moved in the body 
fluid from the oscillating magnetic field.29 
 While larger particles may produce higher heating rates, superparamagnetic 
materials are favorable, as they will have a zero remnant magnetization upon removal of 
the external magnetic field, minimizing the chance of agglomeration which can block 
capillary blood flow.  Such agglomeration is a serious problem for in vivo use of 
ferromagnetic nano- and microparticles.30,31 
 A common metric to compare the performance of different magnetic materials as 
hyperthermia agents is the specific absorption rate (SAR), also called the specific loss 
power, is defined as the power of heating of a magnetic material per gram.32  It can be 
calculated using the equation 
 
t
TC
∆
∆
=SAR  (4.3) 
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where C is the specific heat capacity of the sample and ΔT is the change in temperature 
over a given change in time (Δt) from the temperature versus time heating curve.  For an 
accurate calculation, contribution of specific heat capacities of the surrounding dispersion 
media must be taken into account. 
 
4.2 Experimental Methods 
4.2.1 Materials Characterization 
 Scanning electron microscopy (SEM) images were taken on a Hitachi S-4800 
microscope operating at 15 kV. SEM samples were prepared by dispersing the 
microsphere powders in ethanol, placing a few drops of the dispersion on a piece of 
silicon wafer and allowing the sample to complete dry at room temperature. Transmission 
electron microscopy (TEM) micrographs were obtained on a JEOL 2100 Cryo 
microscope with an accelerating voltage of 200 kV. TEM samples were prepared by 
dispersing the product powder in ethanol, dropping several drops onto a lacy 
formvar/carbon-copper grid (Ted Pella, #1881-F), and allowing the sample to complete 
dry before analysis.  
 
4.2.2 Lithium-ion Battery Test 
 Active material Fe3O4, conductivity agent (carbon black), and binder 
(polyvinylidene fluoride, PVDF) in a weight ratio of 3:1:1 were blended with N-
methylpyrrolidone (NMP) as solvent (130 mg NMP per 10 mg solid). The mixture was 
stirred overnight until slurry was formed. The electrode was prepared by casting the 
slurry uniformly onto a thin copper foil and vacuum dried at 55 °C for 24 hours. 
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Electrodes were punched from the coated copper foil with a punch (3/8 inch in diameter) 
and then weighed with a microbalance.   
Coin cells were fabricated using lithium foil as the counter electrode, 
polyethylene separator, and LiPF6 (1 M) in ethylene carbonate/diethyl carbonate (EC/ 
/DEC, 1:1 wt%) as the electrolyte (Figure 4.3). 
Coin cell components were assembled in an argon filled glove box with the 
moisture and oxygen content below 1.0 ppm. The coin cells were sealed using a hydraulic 
crimper (MSK-110, MTI) and aged overnight before cycled in order to allow complete 
wetting of the electrode and separator by the electrolyte. The mass of Fe3O4 active 
material was determined by measuring the weight of each electrode times the weight 
percentage of the Fe3O4 (60%). Galvanostatic measurements of the coin cells were 
conducted using an 8 channel coin cell cycler (MTI). Coin cells cycled vs. Li metal 
electrodes were galvanostatically charged and discharged between 3.0 and 0.01 V (vs. 
Li/Li+).  
 
 
Figure 4.3 Photo of galvanostatic measurement set up for cycling performance test, with 
schematic illustration of the coin cell assembly is in a dotted box. 
 
Spring Spacer Spacer
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4.2.3 Hyperthermia Test 
 Radiofrequency (RF) magnetic heating tests were performed by Dr. Jong Kim 
from the Boppart group in the Beckman Institute at the University of Illinois at Urbana-
Champaign.  Samples were suspended in DI water (6 mg in 1 mL) in a centrifuge tube 
inside of a homemade coil (Figure 4.4).  The alternating current magnetic frequency was 
62 kHz which produced an external field measuring 863 G.  The solenoid contained 17 
turns and was set at room temperature (22 °C) via a water pump.  Temperature was 
measured using a thermocouple and measurements were made every 30 s or 1 min.  The 
density and heat capacity of the dispersions were assumed to be equal to those of water. 
 
Figure 4.4 Photographs of the custom-made RF magnetic field generator including (left) 
the solenoid, generator, and thermocouple meter and (right) a close up of the solenoid 
showing the sample in insulation with the thermocouple lead.  The inner diameter of the 
tube is ~3 cm. 
 
4.3 Results and Discussion 
4.3.1 Lithium-Ion Battery Tests 
Solenoid and cooling tube
Sample in
insulationThermocouple
High voltage generator I.D. ~3 cm
Thermocouple
readout
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 The electrochemical properties of the USP Fe3O4 microspheres were evaluated by 
galvanostatic discharge-charge measurements at current densities of 150 mAh/g and 300 
mAh/g. The charge-discharge voltage profiles of the sample at 300 mAh/g current 
density are shown in Figure 4.5. After the first cycle, a plateau at ~0.8 V could be 
identified, which is a typical value for iron oxide anode materials.10,11 The specific 
capacity first decreased followed by a significant increase from the 40th to the 200th cycle 
where the cycling was stopped after running for 2.5 months (Figure 4.6). Higher and 
more stable charge-discharge capacity (~1200 mAh/g after 100 cycles) was achieved at a 
lower current density of 150 mA/g (Figure 4.7) where the specific capacity achieved a 
plateau at around the 80th cycle after the capacity increase. For both current densities, the 
final specific capacities are much higher than the theoretical capacity of Fe3O4 (926 
mAh/g). The significant capacity increase observed is likely due to the reversible growth 
of the polymeric gel-like structure by the kinetically activated electrolyte degradation 
which can also contribute to the total capacity besides the electrode materials. This 
phenomenon has been previously observed in other metal oxide composites as lithium-
ion battery anode materials.33,34 Further investigation on the capacity increase will be 
conducted by cyclic voltammetry and impedance measurements. A comparison of the 
USP Fe3O4 with recent reported iron oxides as lithium-ion battery anode materials is 
shown in Table 4.2. The USP Fe3O4 is promising due to the high specific capacity 
achieved even after 200 cycles. A fair comparison of these cases, however, is difficult 
due to the different electrode materials and cycling conditions used.  
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 Figure 4.5 Galvanostatic discharge-charge profiles of Fe3O4 electrode at a current density 
of 300 mA/g.  
 
 
 
 
Figure 4.6 Cycling performance of porous Fe3O4 at a constant current rate of 300 mA/g.  
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 Figure 4.7 Cycling performance of porous Fe3O4 at a constant current rate of 150 mA/g. 
 
Table 4.2 Cycling performance comparison of USP Fe3O4 with other iron oxide anode 
materials.  
 
Typical Examples Electrochemical Properties Ref. 
Porous and hollow Fe3O4 with 
nanoplates 
 
1500 mAh/g after 200 cycles at 300 mA/g, 
1200 mAh/g after 100 cycles at 150 mA/g 
This work 
Hierarchical hollow Fe3O4  
microspheres 
 
580 mAh/g  after 100 cycles at 200 mA/g  10 
Hierarchical α-Fe2O3 hollow 
spheres with sheet-like subunits 
 
710 mAh/g after 100 cycles at 200 mA/g  11 
Polycrystalline α-Fe2O3 nanotubes 
 
1000 mAh/g after 50 cycles at 500 mA/g,  
500–800 mAh/g at 1000–2000 mA/g 
 
 18 
Fe3O4 in graphene sheets 1000 mAh/g after 30 cycles at 35 mA/g  33 
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4.3.2 Hyperthermia Tests 
The Fe3O4 sample was then tested for its use in hyperthermia. Compared to the 
control experiment without Fe3O4 particles, the Fe3O4 aqueous suspension heated more 
quickly under RF radiation (Figure 4.8). A heating rate of more than 1 °C/min has been 
achieved with low dosage used in hyperthermia test (6 mg/mL). It is usually very difficult 
to compare heating rates of magnetic nanoparticles among different systems, because 
there are many variables that can affect the heating rate, including size, shape, and 
polydispersity of the particles used, the dispersion medium, and the amplitude and 
frequency of the RF magnetic stimulus.  For the Fe3O4 particles studied in this chapter, 
specific absorption rates (SAR) can be calculated assuming the heat capacity of the 
system is that of the water used as the dispersion medium and factoring out the heating 
from the testing coil (i.e., factoring out the temperature change of the control sample).  
This leads to the SAR value to be 27 W/gFe, which is comparable to other iron oxides as 
hyperthermia agents especially without corona on the particles.32  
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 Figure 4.8 Magnetic heating of Fe3O4 suspension in DI water (6 mg/mL) and control 
without Fe3O4 over a RF exposure of 15 min. 
 
 
4.4  Conclusions 
The properties of the hollow and porous magnetite microspheres via USP have 
been evaluated by lithium-ion batteries tests and hyperthermia tests. These hollow 
magnetite microspheres can maintain a discharge/charge capacity of ~1000 mAh/g over 
100 cycles. Further investigation on the capacity increase is needed by cyclic 
voltammetry and impedance measurements. Additionally, the USP hollow magnetite 
microspheres can achieve a magnetic heating rate of >1 °C/min and a SAR value of 27 
W/gFe, which is comparable to other iron oxides as hyperthermia agents especially 
without corona on the particles.  
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CHAPTER 5 
SYNTHESIS OF FLUORESCENT CARBON NANOPARTICLES 
 
5.1 Introduction 
For the past two decades luminescent semiconductor quantum dots (QDs) have 
received significant attention due to their tunable fluorescence, high quantum yield and 
good photostability.1–4 Heavy metal toxicity and sensitivity to surface oxidation, 
however, limits their biomedical applications.5–9 Recently, fluorescent carbon dots (CDs), 
<10 nm diameter, have been discovered and could provide an enticing alternative to 
semiconductor QDs due to their low toxicity and chemical stability.10–22 A wide range of 
synthetic methods have been developed to produce fluorescent CDs, mainly through the 
decomposition or oxidation of various kinds of bulk carbon materials, which are top-
down methods with low yields. Efficient synthetic strategies for CDs of high quantum 
yield are therefore still needed in this field.  
In this chapter, a new bottom-up method for the production of fluorescent CDs 
will be demonstrated, which combines microemulsion polymerization and surface 
functionalization. The as-prepared CDs show strong intrinsic fluorescence with the 
quantum yield being 1.2%, which can be increased to 12% after PEGylation. These CDs 
can be easily internalized in cells as bioimaging agents and maintain bright 
photoluminescence for several hours after laser irradiation. Other fluorescence 
characteristics (e.g., photoluminescence lifetime) of these CDs are also studied to further 
understand the fluorescence mechanism. 
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5.2 Experimental Methods 
Microemulsion polymerization was combined with the standard surface 
functionalization of carbon dots to fabricate functionalized CDs from pyrrole monomers. 
The synthetic route is described as in Scheme 5.1. Trimethyl-1-octylammonium bromide 
was bought from Alfa Aesar, pyrrole, FeCl3∙6H2O, concentrated HNO3 and NaHCO3 
were purchased from Sigma Aldrich. Diamine-terminated oligomeric poly(ethylene 
glycol), H2NCH2(CH2CH2O)nCH2CH2NH2 (Mw=2000) was bought from Laysan Bio.  
All chemicals were used as obtained. 
 
Scheme 5.1 Synthetic route for florescent carbon dots from pyrrole molecules.  
 
5.2.1 Synthesis of Polypyrrole Nanoparticles 
The microemulsion polymerization of pyrrole into polypyrrole (PPy) 
nanoparticles was carried out based on the method reported by Jang and coworkers.23 
One milliliter of pyrrole monomer was added dropwise to 40 mL trimethyl-1-
octylammonium bromide aqueous solution (0.6 M) under mechanical stirring (~200 rpm) 
at 0 °C in an ice water bath. Then, FeCl3 solution was added (34.3 mmol FeCl3∙6H2O 
dissolved in 2.5 mL water) to the surfactant/pyrrole mixture solution to initiate the 
polymerization reaction. The reaction was kept running for 2 hours under mechanical 
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stirring at 0 °C. The product was then filtered and washed with methanol for five times to 
remove extra surfactant and iron salts.  
 
5.2.2 Carbonization and Oxidation  
After drying, the PPy powder was heated to 900 °C in a quartz tube at the heating 
rate of 3 °C/min and held at 900 °C for 5 hours under Ar flow (0.5 SLPM). The partially 
carbonized polypyrrole powder obtained after annealing was then refluxed in 3.2 M nitric 
acid at 120 °C for 12 hours. The excess acid was neutralized with NaHCO3 after the 
oxidation treatment, followed by dialysis (with Spectra/Por® 7 Standard RC Pre-treated 
dialysis tubing, MWCO 1kD) against Nanopure water to remove undesired salts. 
Filtration was performed after dialysis with 0.2 µm PVDF filters (from Whatman®, 
Catalog No. 6746-2502) to separate oxidized CDs from unreacted solids.  
 
5.2.3 PEGylation of Oxidized Carbon Dots 
The oxidized carbon nanoparticles were mixed with 30 to 150 mg diamine-
terminated oligomeric poly(ethylene glycol), H2NCH2(CH2CH2O)nCH2CH2NH2 
(Mw=2000, PEG2000N) and heated to 120 °C for 3 days, followed by centrifugation (3600 
g, 30 min) to remove any cross-linked particles.   
 
 
5.2.4  Characterization 
Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 
Cryo TEM with an accelerating voltage of 200 kV. AFM images were obtained under 
tapping mode from Asylum Research Cypher AFM. Elemental analysis was performed 
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with a CE 440 CHN Analyzer and inductively coupled plasma-mass spectrometer by the 
Microanalysis Lab at UIUC. Powder X-ray diffraction (XRD) patterns were collected on 
a Siemens/Bruker D-5000 XRD using Cu Kα radiation. X-ray photoelectron spectra 
(XPS) were collected on a Physical Electrons PHI 5400 X-ray Photoelectron 
Spectrometer using Mg Kα radiation. FTIR spectra were measured on a Thermo Nicolet 
Nexus 670 FTIR spectrometer using a KBr pellet from 4000 cm-1 to 800 cm-1 at room 
temperature. The UV-Vis measurements were performed on a Cary 50 UV-Vis 
spectrophotometer. Photoluminescence emission spectra were obtained at room 
temperature on a FluoroMax-3 fluorometer. The quantum yields were determined by 
measuring the integrated fluorescence intensities of CDs compared to quinine sulfate as 
the reference (in 0.1 M H2SO4 aqueous solution the quantum yield of quinine sulfate is 
0.54), using a 350 nm excitation wavelength.10 Photos of fluorescent CDs aqueous 
solution were taken in a 4 mL quartz cuvette using a Nikon D90 digital camera. 
Microscopic fluorescent images were taken on a Leica SP2 Laser Scanning Confocal 
Microscope with 458 nm laser. Nanosecond fluorescence lifetime measurements were 
performed by Dr. Povrozin on an ISS ChronosBH time-domain fluorometer with the 
time-correlated single-photon counting (TCSPC) system.  
 
5.3  Results and Discussion 
Measured from TEM images shown in Figure 5.1a, the size of the polymer 
nanoparticles synthesized from microemulsion polymerization is 4-10 nm. Elemental 
analysis shows that the obtained nanoparticles consist of carbon (53.4 wt%), nitrogen 
(15.0 wt%), hydrogen (3.9 wt%), oxygen (27.6 wt%, calculated) and trace amount of iron 
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(0.1 wt%) from the oxidant FeCl3. The atomic ratio of carbon, nitrogen, and hydrogen 
calculated based on elemental analysis result is 4.2:1.0:3.6, which is close to the 
theoretical atomic ratio (4:1:3) of polypyrrole. FTIR spectrum (Figure 5.2) further 
confirms the structure of polypyrrole: ring-stretching bands at 1200-1600 cm-1 and N-H 
stretching band at 3400 cm-1, along with a weak C-H stretching band. XRD analysis 
indicates that these particles are amorphous (Figure 5.3).  
 
 
Polypyrrole 
 
 
Figure 5.1 TEM images of polypyrrole nanoparticles (a) before and (b) after annealing. 
 
 
a b
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Table 5.1 Elemental analysis results for polypyrrole particles in both weight and atomic 
percentages  
 
 
Weight (%) Atomic (%) 
C 53.4 40.0 
N 15.0 9.6 
H 3.9 34.7 
O (calc.) 27.6 15.7 
Fe 0.1 <0.1 
 
 
 
 
Figure 5.2 FTIR spectra of polypyrrole (black), annealed (red) and oxidized carbon 
(blue) particles 
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 Figure 5.3 XRD patterns of polypyrrole particles before (red) and after (black) annealing, 
compared with the standard graphite XRD pattern (blue) 
 
After the annealing treatment, it is shown by elemental analysis that nitrogen, 
hydrogen and oxygen decreased in weight percent (N: 9.6% to 8.3%, H: 34.7 to 7.9%, O: 
15.7% to 5.5%), while the composition of carbon increased from 53.4 wt% to 81.4 wt%.  
In addition, the new peak at 44.5˚ in the XRD pattern (Figure 5.3) matches well with 
graphite, demonstrating that the particles became more crystalline after annealing. The 
average nanoparticle diameter also increased from 4-10 nm to 8-15 nm as determined by 
TEM (Figure 5.1b), with more agglomerated particles resulting from high temperature 
treatment.  
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Table 5.2 Elemental analysis results of polymer particles after annealing in both weight 
and atomic percentages 
 
 
Weight (%) Atomic (%) 
C 81.4 78.3 
N 10.1 8.3 
H 0.7 7.9 
O (calc.) 7.7 5.5 
Fe 0.1 <0.1 
 
After oxidization and filtration, a solution with bright yellow color was obtained. 
Oxidized carbon nanoparticles are characterized using FTIR, elemental analysis, XPS and 
TEM. The FTIR spectrum of oxidized carbon dots shows two peaks at 1618 cm-1 and 
1433 cm-1, assigned to the C=O stretching vibrations in COO-, showing carboxyl groups 
existing on carbon dots (Figure 5.2). This result is consistent with the increased surface 
oxygen content (from 4.4 wt% to 34.3 wt%) observed by XPS surface analysis. AFM and 
TEM images (Figure 5.4 and 5.5) show that well dispersed nanoparticles (<10 nm) were 
produced with an average size of 2.3 nm measured over 46 particles in TEM (Figure 5.6). 
The aqueous solution of oxidized CDs shows a broad UV-Vis absorption with a peak at 
230 nm (Figure 5.11).  
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Table 5.3 Weight percentages of surface elements for carbonized and oxidized particles 
from XPS surface analysis  
 
 
Carbonized 
(wt%) 
Oxidized 
(neutralized, wt%) 
C 90.5 60.6 
N 5.5 2.3 
O 4.4 34.3 
Na 0 2.9 
 
 
 
 
Figure 5.4 TEM image of oxidized carbon particles.  
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 Figure 5.5 (a) AFM image of oxidized CDs and (b) line scan height profile along path 
indicated in (a). 
 
 
 
 
Figure 5.6 Size distributions of oxidized carbon nanoparticles according to TEM images; 
46 Au nanoparticles sized using ImageJ image analysis software. 
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In 2006, Sun et al. reported the synthesis of fluorescent carbon nanoparticles by 
laser ablation followed by surface functionalization with PEG.10 Since then, PEGylation 
has been widely used as an important method to increase the quantum yield of fluorescent 
carbon dots. To study the functionality of carbon dots after PEGylation, FTIR spectra of 
oxidized CDs, PEGylated CDs and pure PEG were recorded. As shown in Figure 5.7, two 
characteristic NH2 peaks for PEG, NH2 scissors deformation at 1585 cm-1 and N-H 
stretching at 3300 cm-1, disappeared after passivation with PEG. A new peak appeared at 
1300 cm-1 which is assigned to the amide C-N stretching for PEG2000N-passivated CDs. 
Also, compared to the oxidized CDs, the C=O stretching frequency increased as is 
characteristic for an amide group. All the above evidence indicates the formation of 
amide groups from the reaction between -COOH groups and -NH2 groups at the end of 
PEG chains, which means that PEGylation of carbon dots was successfully achieved. 
XPS surface analysis shows that the surface composition of PEG2000N-passivated CDs is 
C 78.6 wt%, N 2.0 wt% and O 19.4 wt%. TEM images (Figure 5.8) show a size increase 
of PEGylated CDs compared with oxidized carbon dots without PEGylation.  
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 Figure 5.7 FTIR spectra of oxidized CDs (blue), PEGylated CDs (black) and PEG2000N 
itself (red) 
 
 
 
Figure 5.8 TEM images of PEGylated carbon nanoparticles 
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The UV-Vis absorption and photoluminescence (PL) spectra were recorded to 
study the optical properties of carbon dots. The aqueous solution of oxidized CDs shows 
broad absorption and a shoulder peak at 230 nm, with a tail extending out into the visible 
range (Figure 5.9). Different from CDs produced by laser ablation, which require further 
passivation for PL to occur,10,24 our CDs exhibit intrinsic PL without passivation with a 
low quantum yield (1.2%). The PL spectra were broad and were dependent on the 
excitation wavelength (λex) with an emission maximum at 450 nm when excited at 320 
nm (Figure 5.9). This λex dependence is a typical optical property of CDs. Over the 
excitation range of 300 nm to 360 nm, the emission spectra are independent on the 
excitation wavelength. It is interesting to notice the convolution of two emission peaks at 
380 nm excitation, indicating that another “fluorophore” was excited. Upon the surface 
functionalization with PEG2000N, bright and λex-dependent photoluminescence was 
observed, with approximately 7 times higher photoluminescence intensities than the 
oxidized CDs. (Figure 5.10 and 5.11) The UV absorption peak shifted to 290 nm after 
PEGylation. The PL emission spectra of PEGylated CDs were similar to oxidized CDs, 
but with a different emission maximum of 440 nm at 360 nm excitation; two emission 
peaks were observed at the excitation of 380 nm. As the surface functionalization agent 
PEG2000N is not fluorescent in the UV-Vis range, the bright photoluminescence is mostly 
from the CDs. The quantum yield of CDs is increased from 1.2% to 12% after 
PEGylation. This quantum yield, though not among the highest for fluorescent CDs, is 
comparable with previously reported CDs10,14,20,21 and even some semiconductor 
quantum dots.25 Under confocal microscope with the radiation of 458 nm laser, particles 
with green photoluminescence were observed for both oxidized and PEGylated CDs 
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without photobleaching (Figure 5.12). The particles in confocal microscopy images are 
larger than the actual sizes of individual CDs, due to the low resolution of optical 
microscopy and possible agglomeration during sample preparation. In the cell imaging 
experiments with HeLa cells incubated with PEGylated CDs, these fluorescent CDs show 
good cell uptake and strong photoluminescence (Figure 5.13).  
 
Figure 5.9 UV-Vis and photoluminescence spectra of oxidized CDs aqueous solution. 
 
 
Figure 5.10 Photographs of aqueous solution of PEGylated carbon dots excited at 
wavelengths from 300 nm to 600 nm at 20 nm intervals. Images were taken at the 
perpendicular direction of the excitation.  
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Figure 5.11 UV-Vis and photoluminescence spectra of PEGylated CDs aqueous solution 
 
 
Figure 5.12 Fluorescence microscopy images of (a) oxidized CDs and (b) PEGylated 
CDs. 
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 Figure 5.13 Representative images of HeLa cells labelled with PEGylated CDs taken by 
a confocal laser scanning microscope: (a) fluorescent image and (b) merged fluorescent 
and bright-field images 
 
 
Both the aqueous solutions of oxidized CDs and PEG2000N-passivated CDs (both 
diluted to A400 nm=0.3) show little photobleaching after 2 hours of 400 nm irradiation in a 
fluorometer, remaining at 97% and 98% relative photoluminescence, respectively (Figure 
5.14A). The aqueous solution of fluorescein sodium salt with similar concentration (~0.1 
µM, A490 nm=0.3), drops to 86% relative intensity under similar conditions (490 nm 
excitation, which gives the highest achievable photoluminescence intensity for 
fluorescein) (Figure 5.14B).  
a b
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 Figure 5.14 Photobleaching tests of (a) oxidized and PEGylated CDs, and (b) fluorescein 
sodium salt over two-hour radiation at 400 nm and 490 nm respectively 
 
 
To further study the photoluminescence mechanism of carbon dots, PL lifetime 
and anisotropy decay was measured by Dr. Povrozin at ISS Inc. The fluorescence decay 
of oxidized CDs and PEGylated CDs was measured and fitted by using a multi-
exponential function (Figure 5.15 and 5.16). Table 5.4 shows the fitted results for the two 
kinds of CDs. Three lifetime components were found for oxidized CDs: 6.3 ns with 50% 
population, 1.8 ns with 40% population, and 0.34 ns with 10% population. It yields an 
average fluorescence lifetime of 3.9 ns. After surface functionalization with PEG, three 
lifetime components were found: 7.3 ns with 61% population, 2.2 ns with 34% 
population and the shortest lifetime component 0.26 ns with 5% population, producing a 
longer average PL lifetime of 5.2 ns compared with oxidized CDs. This longer 
fluorescence lifetime of PEGylated CDs is consistent with the increased quantum yield 
compared with oxidized CDs, which is likely due to the preferably increase of the 
population of longer-lifetime components in CDs by PEGylation. Several reports have 
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proposed or tried to examine the role of PEGylation;10,26 the exact mechanism of its effect 
on fluorescence, however, is still largely unknown.  
 
 
Figure 5.15 TCSPC time domain fluorescent lifetime data of oxidized CDs excited at 
447 nm with glycogen as the reference. Black: PL intensity; Blue: model Intensity; 
Green: instrument response function. 
 
 
 
 
 
Figure 5.16 TCSPC time domain fluorescent lifetime data of PEGylated CDs excited at 
447 nm with glycogen as the reference. Black: PL intensity; Blue: model Intensity; 
Green: instrument response function. 
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Table 5.4 PL lifetime for oxidized and PEGylated carbon dots measured at 447 nm 
excitation. 
 
PL lifetime τ (ns) for 
oxidized CDs 
PL lifetime τ (ns) for 
PEGylated CDs 
τ1 = 6.3        f1 = 0.50 
τ2 = 1.8        f2 = 0.40 
τ3 = 0.34      f3 = 0.10 
τ = 3.9 
τ1 = 7.3        f1 = 0.61 
τ2 = 2.2        f2 = 0.34 
τ3 = 0.26      f3 = 0.05 
τ = 5.2 
 
τ: average PL lifetime; τ1, τ2, τ3: calculated PL lifetime components based on data fitting;  
f1, f2, f3: populations of each PL lifetime component.  
 
5.4 Conclusions 
Fluorescent carbon dots of 2 to 4 nm size were synthesized using a bottom-up 
method with the combination of microemulsion polymerization and surface 
functionalization. The surface-oxidized carbon dots showed intrinsic fluorescence. 
Fluorescent quantum yield was increased from 1.2% to 12% after PEG2000N 
functionalization, which is comparable to semiconductor quantum dots. These fluorescent 
CDs show good cell uptake, and strong and stable photoluminescence for cell imaging. 
PL lifetime measurement suggests different lifetime components in both oxidized and 
PEGylated carbon dots. PEGylation was found to preferably increase the population of 
longer-lifetime components in CDs, resulting in longer average PL lifetime and a higher 
quantum yield.  
 
 
            126
5.5 References 
(1)  Alivisatos, A. P. Semiconductor Clusters, Nanocrystals, and Quantum Dots. 
Science 1996, 271, 933–937. 
(2)  Alivisatos, P. The Use of Nanocrystals in Biological Detection. Nat. Biotech. 
2004, 22, 47–52. 
(3)  Wu, X.; Liu, H.; Liu, J.; Haley, K. N.; Treadway, J. A.; Larson, J. P.; Ge, N.; 
Peale, F.; Bruchez, M. P. Immunofluorescent Labeling of Cancer Marker Her2 
and Other Cellular Targets with Semiconductor Quantum Dots. Nat. 
Biotech.2003, 21, 41–46. 
(4)  Gao, X.; Cui, Y.; Levenson, R. M.; Chung, L. W. K.; Nie, S. In Vivo Cancer 
Targeting and Imaging with Semiconductor Quantum Dots. Nat. Biotech. 2004, 
22, 969–976. 
(5)  Derfus, A. M.; Chan, W. C. W.; Bhatia, S. N. Probing the Cytotoxicity of 
Semiconductor Quantum Dots. Nano Lett. 2003, 4, 11–18. 
(6)  Hoshino, A.; Fujioka, K.; Oku, T.; Suga, M.; Sasaki, Y. F.; Ohta, T.; Yasuhara, 
M.; Suzuki, K.; Yamamoto, K. Physicochemical Properties and Cellular Toxicity 
of Nanocrystal Quantum Dots Depend on Their Surface Modification. Nano Lett. 
2004, 4, 2163–2169. 
(7)  Ron Hardman. A Toxicologic Review of Quantum Dots: Toxicity Depends on 
Physicochemical and Environmental Factors. Environ. Health Perspect. 2006, 
114, 165–172. 
(8)  Hauck, T. S.; Anderson, R. E.; Fischer, H. C.; Newbigging, S.; Chan, W. C. W. In 
Vivo Quantum-Dot Toxicity Assessment. Small 2010, 6, 138–144. 
(9)  Seydel, C. Quantum Dots Get Wet. Science 2003, 300, 80–81. 
(10)  Sun, Y.-P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S.; Pathak, P.; Meziani, 
M. J.; Harruff, B. A.; Wang, X.; Wang, H.; et al. Quantum-Sized Carbon Dots for 
Bright and Colorful Photoluminescence. J. Am. Chem. Soc. 2006, 128, 7756–
7757. 
            127
(11)  Wang, F.; Pang, S.; Wang, L.; Li, Q.; Kreiter, M.; Liu, C. One-Step Synthesis of 
Highly Luminescent Carbon Dots in Noncoordinating Solvents. Chem. Mater. 
2010, 22, 4528–4530. 
(12)  Liu, H.; Ye, T.; Mao, C. Fluorescent Carbon Nanoparticles Derived from Candle 
Soot. Angew. Chem. Int. Ed. 2007, 46, 6473–6475. 
(13)  Zheng, L.; Chi, Y.; Dong, Y.; Lin, J.; Wang, B. Electrochemiluminescence of 
Water-Soluble Carbon Nanocrystals Released Electrochemically from Graphite. 
J. Am. Chem. Soc. 2009, 131, 4564–4565. 
(14)  Liu, R.; Wu, D.; Liu, S.; Koynov, K.; Knoll, W.; Li, Q. An Aqueous Route to 
Multicolor Photoluminescent Carbon Dots Using Silica Spheres as Carriers. 
Angew. Chem. Int. Ed. 2009, 121, 4668–4671. 
(15)  Baker, S. N.; Baker, G. A. Luminescent Carbon Nanodots: Emergent Nanolights. 
Angew. Chem. Int. Ed. 2010, 49, 6726–6744. 
(16)  Srivastava, S.; Gajbhiye, N. S. Carbogenic Nanodots: Photoluminescence and 
Room-Temperature Ferromagnetism. ChemPhysChem. 2011, 12, 2624–2632. 
(17)  Fowley, C.; McCaughan, B.; Devlin, A.; Yildiz, I.; Raymo, F. M.; Callan, J. F. 
Highly Luminescent Biocompatible Carbon Quantum Dots by Encapsulation with 
an Amphiphilic Polymer. Chem. Commun. 2012, 48, 9361–9363. 
(18)  Huang, P.; Lin, J.; Wang, X.; Wang, Z.; Zhang, C.; He, M.; Wang, K.; Chen, F.; 
Li, Z.; Shen, G.; et al. Light-Triggered Theranostics Based on Photosensitizer-
Conjugated Carbon Dots for Simultaneous Enhanced-Fluorescence Imaging and 
Photodynamic Therapy. Adv. Mater. 2012, 24, 5104-5110. 
(19)  Srivastava, S.; Awasthi, R.; Tripathi, D.; Rai, M. K.; Agarwal, V.; Agrawal, V.; 
Gajbhiye, N. S.; Gupta, R. K. Magnetic-Nanoparticle-Doped Carbogenic 
Nanocomposite: An Effective Magnetic Resonance/Fluorescence Multimodal 
Imaging Probe. Small 2012, 8, 1099–1109. 
(20)  Wang, J.; Wang, C.-F.; Chen, S. Amphiphilic Egg-Derived Carbon Dots: Rapid 
Plasma Fabrication, Pyrolysis Process, and Multicolor Printing Patterns. Angew. 
Chem. Int. Ed. 2012, 51, 9297-9301. 
            128
(21)  Zhu, A.; Qu, Q.; Shao, X.; Kong, B.; Tian, Y. Carbon-Dot-Based Dual-Emission 
Nanohybrid Produces a Ratiometric Fluorescent Sensor for In Vivo Imaging of 
Cellular Copper Ions. Angew. Chem. Int. Ed. 2012, 51, 7185–7189. 
(22)  Zhu, S.; Meng, Q.; Wang, L.; Zhang, J.; Song, Y.; Jin, H.; Zhang, K.; Sun, H.; 
Wang, H.; Yang, B. Highly Photoluminescent Carbon Dots for Multicolor 
Patterning, Sensors, and Bioimaging. Angew. Chem. Int. Ed. 2013, 52, 3953–
3957. 
(23)  Jang, J.; Oh, J. H.; Stucky, G. D. Fabrication of Ultrafine Conducting Polymer 
and Graphite Nanoparticles. Angew. Chem. Int. Ed. 2002, 41, 4016–4019. 
(24)  Sun, Y.-P.; Wang, X.; Lu, F.; Cao, L.; Meziani, M. J.; Luo, P. G.; Gu, L.; Veca, 
L. M. Doped Carbon Nanoparticles as a New Platform for Highly 
Photoluminescent Dots. J. Phys. Chem. C 2008, 112, 18295–18298. 
(25)  Wilson, W. L.; Szajowski, P. F.; Brus, L. E. Quantum Confinement in Size-
Selected, Surface-Oxidized Silicon Nanocrystals. Science 1993, 262, 1242–1244. 
(26)  Wang, L.; Zhu, S.-J.; Wang, H.-Y.; Wang, Y.-F.; Hao, Y.-W.; Zhang, J.-H.; Chen, 
Q.-D.; Zhang, Y.-L.; Han, W.; Yang, B.; et al. Unraveling Bright Molecule-Like 
State and Dark Intrinsic State in Green-Fluorescence Graphene Quantum Dots via 
Ultrafast Spectroscopy. Adv. Opt. Mater. 2013, 1, 264–271. 
 
            129
APPENDIX  
CRYSTAL DATA AND STRUCTURE REFINEMENT FOR  
IRON BISTETRAZOLYLAMINE AMMONIUM SALT SINGLE CRYSTAL 
 
Table A1 Crystal data and structure refinement for FeBTA ammonium salt single crystal. 
Identification code  cm19aas 
Empirical formula  C9 H31 Fe N30 O5 
Formula weight  695.49 
Temperature  178(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 9.8201(3) Å α= 88.3530(10)°. 
 b = 10.4436(3) Å β= 87.6590(10)°. 
 c = 14.2560(4) Å γ = 85.7310(10)°. 
Volume 1456.30(7) Å3 
Z 2 
Density (calculated) 1.586 Mg/m3 
Absorption coefficient 0.599 mm-1 
F(000) 722 
Crystal size 0.435 x 0.331 x 0.328 mm3 
Theta range for data collection 1.43 to 26.43°. 
Index ranges -12<=h<=12, -13<=k<=13, -17<=l<=17 
Reflections collected 40608 
Independent reflections 5963 [R(int) = 0.0319] 
Completeness to theta = 26.43° 99.5 %  
Absorption correction Integration 
Max. and min. transmission 0.8941 and 0.8214 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5963 / 307 / 516 
Goodness-of-fit on F2 1.033 
Final R indices [I>2sigma(I)] R1 = 0.0274, wR2 = 0.0720 
R indices (all data) R1 = 0.0285, wR2 = 0.0729 
Largest diff. peak and hole 0.536 and -0.330 e.Å-3 
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Table A2 Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for FeBTA ammonium salt single crystal. U(eq) is defined as one third of  the 
trace of the orthogonalized Uij tensor. 
_____________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Fe(1) 7518(1) 2260(1) 2476(1) 13(1) 
N(1) 6918(1) 4029(1) 2192(1) 16(1) 
N(2) 7695(1) 5053(1) 2194(1) 21(1) 
N(3) 6899(1) 6089(1) 2080(1) 26(1) 
N(4) 5587(1) 5802(1) 1988(1) 26(1) 
N(5) 4537(1) 3829(1) 1973(1) 22(1) 
N(6) 3728(1) 1887(1) 1470(1) 22(1) 
N(7) 4334(1) 689(1) 1352(1) 23(1) 
N(8) 5602(1) 642(1) 1583(1) 20(1) 
N(9) 5875(1) 1820(1) 1873(1) 16(1) 
N(10) 8644(1) 2085(1) 1317(1) 16(1) 
N(11) 8175(1) 1806(1) 469(1) 20(1) 
N(12) 9217(1) 1605(1) -114(1) 24(1) 
N(13) 10402(1) 1736(1) 320(1) 22(1) 
N(14) 10882(1) 2229(1) 1884(1) 26(1) 
N(15) 11271(1) 3118(1) 3355(1) 28(1) 
N(16) 10414(1) 3518(1) 4078(1) 27(1) 
N(17) 9148(1) 3355(1) 3906(1) 22(1) 
N(18) 9137(1) 2813(1) 3049(1) 17(1) 
N(19) 6416(1) 2316(1) 3641(1) 17(1) 
N(20) 5790(1) 3387(1) 4042(1) 21(1) 
N(21) 4939(1) 3019(1) 4695(1) 25(1) 
N(22) 4965(1) 1716(1) 4760(1) 27(1) 
N(23) 6230(1) 56(1) 3920(1) 27(1) 
N(24) 7913(1) -1518(1) 3343(1) 22(1) 
N(25) 8970(1) -1447(1) 2701(1) 24(1) 
N(26) 9036(1) -286(1) 2361(1) 23(1) 
N(27) 7998(1) 464(1) 2774(1) 16(1) 
C(1) 5646(1) 4530(1) 2055(1) 19(1) 
C(2) 4706(1) 2554(1) 1786(1) 18(1) 
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Table A2 continued 
C(3) 10001(1) 2028(1) 1196(1) 18(1) 
C(4) 10443(1) 2704(1) 2738(1) 20(1) 
C(5) 5883(2) 1320(1) 4101(1) 21(1) 
C(6) 7346(1) -324(1) 3364(1) 18(1) 
N(28) 7020(1) 8354(1) 812(1) 21(1) 
N(29) 2331(1) 3983(1) 5560(1) 22(1) 
N(30) 2082(1) 9017(1) 1828(1) 29(1) 
O(1) 2531(1) 5361(1) 1135(1) 33(1) 
C(7) 2141(2) 4916(2) 257(1) 42(1) 
O(2) 3249(2) 7095(2) 2922(1) 60(1) 
C(8) 2798(3) 6239(3) 3640(2) 62(1) 
O(4) 4423(1) 7493(1) 392(1) 40(1) 
O(5) 255(1) 6135(2) 2092(2) 65(1) 
O(3) 2423(4) 10327(3) 3549(3) 68(1) 
C(9) 1379(7) 10032(9) 4241(6) 77(2) 
O(3B) 1183(11) 10075(10) 3594(7) 61(3) 
C(9B) 2425(18) 10150(20) 4062(19) 79(4) 
O(3C) 951(12) 9261(10) 5108(7) 77(3) 
C(9C) 1690(30) 9760(30) 4321(17) 75(4) 
_____________________________________________________________________
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Table A3 Bond lengths [Å] and angles [°] for FeBTA ammonium salt single crystal. 
_____________________________________________________  
Fe(1)-N(1)  1.9344(12) 
Fe(1)-N(27)  1.9386(12) 
Fe(1)-N(19)  1.9449(11) 
Fe(1)-N(18)  1.9481(12) 
Fe(1)-N(9)  1.9500(11) 
Fe(1)-N(10)  1.9558(11) 
N(1)-C(1)  1.3370(18) 
N(1)-N(2)  1.3593(16) 
N(2)-N(3)  1.2972(18) 
N(3)-N(4)  1.3570(18) 
N(4)-C(1)  1.3264(19) 
N(5)-C(2)  1.3631(19) 
N(5)-C(1)  1.3670(19) 
N(5)-H(5)  0.807(14) 
N(6)-C(2)  1.3276(18) 
N(6)-N(7)  1.3567(18) 
N(7)-N(8)  1.2972(17) 
N(8)-N(9)  1.3577(16) 
N(9)-C(2)  1.3395(18) 
N(10)-C(3)  1.3338(17) 
N(10)-N(11)  1.3586(16) 
N(11)-N(12)  1.2998(17) 
N(12)-N(13)  1.3570(17) 
N(13)-C(3)  1.3314(19) 
N(14)-C(3)  1.3644(19) 
N(14)-C(4)  1.3689(19) 
N(14)-H(14)  0.808(14) 
N(15)-C(4)  1.3250(19) 
N(15)-N(16)  1.3587(19) 
N(16)-N(17)  1.3008(18) 
N(17)-N(18)  1.3625(16) 
N(18)-C(4)  1.3379(18) 
N(19)-C(5)  1.3413(18) 
N(19)-N(20)  1.3640(16) 
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Table A3 continued 
N(20)-N(21)  1.2939(17) 
N(21)-N(22)  1.3599(18) 
N(22)-C(5)  1.3284(19) 
N(23)-C(6)  1.3676(19) 
N(23)-C(5)  1.3680(19) 
N(23)-H(23)  0.806(14) 
N(24)-C(6)  1.3274(19) 
N(24)-N(25)  1.3599(18) 
N(25)-N(26)  1.2980(18) 
N(26)-N(27)  1.3629(16) 
N(27)-C(6)  1.3383(18) 
N(28)-H(28A)  0.882(8) 
N(28)-H(28B)  0.880(8) 
N(28)-H(28C)  0.886(8) 
N(28)-H(28D)  0.883(8) 
N(29)-H(29A)  0.884(8) 
N(29)-H(29B)  0.884(8) 
N(29)-H(29C)  0.881(8) 
N(29)-H(29D)  0.887(8) 
N(30)-H(30A)  0.883(8) 
N(30)-H(30B)  0.882(8) 
N(30)-H(30C)  0.882(8) 
N(30)-H(30D)  0.883(8) 
O(1)-C(7)  1.425(2) 
O(1)-H(1)  0.75(2) 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
O(2)-C(8)  1.419(3) 
O(2)-H(2)  0.98(3) 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
O(4)-H(4A)  0.793(14) 
O(4)-H(4B)  0.797(14) 
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Table A3 continued 
O(5)-H(5A)  0.795(15) 
O(5)-H(5B)  0.797(15) 
O(3)-C(9)  1.438(4) 
O(3)-H(3)  0.8400 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
O(3B)-C(9B)  1.422(5) 
O(3B)-H(3B)  0.8400 
C(9B)-H(9D)  0.9800 
C(9B)-H(9E)  0.9800 
C(9B)-H(9F)  0.9800 
O(3C)-C(9C)  1.418(5) 
O(3C)-H(3C)  0.8400 
C(9C)-H(9G)  0.9800 
C(9C)-H(9H)  0.9800 
C(9C)-H(9I)  0.9800 
 
N(1)-Fe(1)-N(27) 176.32(5) 
N(1)-Fe(1)-N(19) 90.18(5) 
N(27)-Fe(1)-N(19) 87.55(5) 
N(1)-Fe(1)-N(18) 90.24(5) 
N(27)-Fe(1)-N(18) 92.80(5) 
N(19)-Fe(1)-N(18) 94.09(5) 
N(1)-Fe(1)-N(9) 86.09(5) 
N(27)-Fe(1)-N(9) 90.89(5) 
N(19)-Fe(1)-N(9) 86.56(5) 
N(18)-Fe(1)-N(9) 176.27(5) 
N(1)-Fe(1)-N(10) 93.39(5) 
N(27)-Fe(1)-N(10) 88.86(5) 
N(19)-Fe(1)-N(10) 176.37(5) 
N(18)-Fe(1)-N(10) 86.59(5) 
N(9)-Fe(1)-N(10) 92.99(5) 
C(1)-N(1)-N(2) 105.23(11) 
C(1)-N(1)-Fe(1) 128.09(10) 
            135
Table A3 continued 
N(2)-N(1)-Fe(1) 126.31(9) 
N(3)-N(2)-N(1) 108.12(11) 
N(2)-N(3)-N(4) 110.92(12) 
C(1)-N(4)-N(3) 104.00(12) 
C(2)-N(5)-C(1) 120.47(12) 
C(2)-N(5)-H(5) 118.4(15) 
C(1)-N(5)-H(5) 115.5(15) 
C(2)-N(6)-N(7) 104.40(11) 
N(8)-N(7)-N(6) 110.53(11) 
N(7)-N(8)-N(9) 108.46(11) 
C(2)-N(9)-N(8) 105.23(11) 
C(2)-N(9)-Fe(1) 127.36(10) 
N(8)-N(9)-Fe(1) 126.71(9) 
C(3)-N(10)-N(11) 105.17(11) 
C(3)-N(10)-Fe(1) 129.31(10) 
N(11)-N(10)-Fe(1) 124.91(9) 
N(12)-N(11)-N(10) 108.41(11) 
N(11)-N(12)-N(13) 110.61(11) 
C(3)-N(13)-N(12) 104.02(11) 
C(3)-N(14)-C(4) 122.25(12) 
C(3)-N(14)-H(14) 118.3(15) 
C(4)-N(14)-H(14) 118.6(15) 
C(4)-N(15)-N(16) 103.78(12) 
N(17)-N(16)-N(15) 111.34(12) 
N(16)-N(17)-N(18) 107.55(11) 
C(4)-N(18)-N(17) 105.44(11) 
C(4)-N(18)-Fe(1) 129.44(10) 
N(17)-N(18)-Fe(1) 125.04(9) 
C(5)-N(19)-N(20) 105.45(11) 
C(5)-N(19)-Fe(1) 126.77(10) 
N(20)-N(19)-Fe(1) 126.45(9) 
N(21)-N(20)-N(19) 107.99(11) 
N(20)-N(21)-N(22) 111.05(12) 
C(5)-N(22)-N(21) 104.23(12) 
C(6)-N(23)-C(5) 122.07(13) 
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Table A3 continued 
C(6)-N(23)-H(23) 118.1(16) 
C(5)-N(23)-H(23) 117.7(16) 
C(6)-N(24)-N(25) 103.81(12) 
N(26)-N(25)-N(24) 111.23(12) 
N(25)-N(26)-N(27) 107.80(11) 
C(6)-N(27)-N(26) 105.36(11) 
C(6)-N(27)-Fe(1) 128.35(10) 
N(26)-N(27)-Fe(1) 126.13(9) 
N(4)-C(1)-N(1) 111.73(13) 
N(4)-C(1)-N(5) 123.45(13) 
N(1)-C(1)-N(5) 124.81(13) 
N(6)-C(2)-N(9) 111.37(12) 
N(6)-C(2)-N(5) 123.71(13) 
N(9)-C(2)-N(5) 124.89(13) 
N(13)-C(3)-N(10) 111.78(12) 
N(13)-C(3)-N(14) 123.66(13) 
N(10)-C(3)-N(14) 124.56(13) 
N(15)-C(4)-N(18) 111.88(13) 
N(15)-C(4)-N(14) 123.60(13) 
N(18)-C(4)-N(14) 124.52(13) 
N(22)-C(5)-N(19) 111.27(13) 
N(22)-C(5)-N(23) 123.81(13) 
N(19)-C(5)-N(23) 124.91(13) 
N(24)-C(6)-N(27) 111.80(12) 
N(24)-C(6)-N(23) 124.19(13) 
N(27)-C(6)-N(23) 124.01(13) 
H(28A)-N(28)-H(28B) 110.2(12) 
H(28A)-N(28)-H(28C) 109.5(12) 
H(28B)-N(28)-H(28C) 109.6(12) 
H(28A)-N(28)-H(28D) 109.3(12) 
H(28B)-N(28)-H(28D) 109.7(12) 
H(28C)-N(28)-H(28D) 108.4(12) 
H(29A)-N(29)-H(29B) 108.3(12) 
H(29A)-N(29)-H(29C) 111.4(12) 
H(29B)-N(29)-H(29C) 110.3(12) 
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Table A3 continued 
H(29A)-N(29)-H(29D) 108.9(12) 
H(29B)-N(29)-H(29D) 109.6(12) 
H(29C)-N(29)-H(29D) 108.3(12) 
H(30A)-N(30)-H(30B) 108.8(12) 
H(30A)-N(30)-H(30C) 108.8(13) 
H(30B)-N(30)-H(30C) 111.1(13) 
H(30A)-N(30)-H(30D) 109.8(13) 
H(30B)-N(30)-H(30D) 109.6(13) 
H(30C)-N(30)-H(30D) 108.7(12) 
C(7)-O(1)-H(1) 109.2(19) 
O(1)-C(7)-H(7A) 109.5 
O(1)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
O(1)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(8)-O(2)-H(2) 106.3(19) 
O(2)-C(8)-H(8A) 109.5 
O(2)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
O(2)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
H(4A)-O(4)-H(4B) 109(3) 
H(5A)-O(5)-H(5B) 110(3) 
C(9B)-O(3B)-H(3B) 109.5 
O(3B)-C(9B)-H(9D) 109.5 
O(3B)-C(9B)-H(9E) 109.5 
H(9D)-C(9B)-H(9E) 109.5 
O(3B)-C(9B)-H(9F) 109.5 
H(9D)-C(9B)-H(9F) 109.5 
H(9E)-C(9B)-H(9F) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A4 Anisotropic displacement parameters (Å2x 103) for FeBTA ammonium salt 
single crystal. The anisotropic displacement factor exponent takes the form: -2π2[ h2 
a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
Fe(1) 10(1)  13(1) 16(1)  0(1) 1(1)  -2(1) 
N(1) 14(1)  16(1) 19(1)  0(1) 0(1)  -4(1) 
N(2) 21(1)  16(1) 26(1)  1(1) -1(1)  -6(1) 
N(3) 26(1)  17(1) 36(1)  1(1) -4(1)  -4(1) 
N(4) 22(1)  18(1) 38(1)  -1(1) -4(1)  -1(1) 
N(5) 12(1)  18(1) 36(1)  -2(1) -3(1)  2(1) 
N(6) 14(1)  24(1) 29(1)  -4(1) -1(1)  -3(1) 
N(7) 16(1)  23(1) 32(1)  -5(1) -1(1)  -4(1) 
N(8) 16(1)  18(1) 27(1)  -5(1) 0(1)  -4(1) 
N(9) 13(1)  15(1) 20(1)  -2(1) 1(1)  -2(1) 
N(10) 12(1)  18(1) 17(1)  0(1) -1(1)  -2(1) 
N(11) 17(1)  27(1) 18(1)  -2(1) -1(1)  -3(1) 
N(12) 19(1)  32(1) 21(1)  -4(1) 2(1)  -4(1) 
N(13) 16(1)  29(1) 22(1)  -4(1) 2(1)  -4(1) 
N(14) 10(1)  44(1) 25(1)  -10(1) 1(1)  -4(1) 
N(15) 18(1)  39(1) 28(1)  -8(1) -4(1)  -5(1) 
N(16) 22(1)  34(1) 26(1)  -8(1) -5(1)  -4(1) 
N(17) 21(1)  25(1) 20(1)  -6(1) -3(1)  -2(1) 
N(18) 15(1)  18(1) 17(1)  -2(1) -1(1)  -1(1) 
N(19) 16(1)  15(1) 19(1)  -1(1) 2(1)  -1(1) 
N(20) 22(1)  18(1) 22(1)  -2(1) 6(1)  0(1) 
N(21) 28(1)  19(1) 26(1)  0(1) 10(1)  0(1) 
N(22) 32(1)  19(1) 30(1)  0(1) 15(1)  0(1) 
N(23) 32(1)  15(1) 32(1)  3(1) 18(1)  -2(1) 
N(24) 24(1)  17(1) 25(1)  0(1) 4(1)  0(1) 
N(25) 22(1)  17(1) 33(1)  0(1) 6(1)  1(1) 
N(26) 18(1)  18(1) 31(1)  -1(1) 5(1)  2(1) 
N(27) 13(1)  17(1) 19(1)  -1(1) 2(1)  0(1) 
C(1) 17(1)  17(1) 21(1)  -1(1) 0(1)  0(1) 
C(2) 12(1)  20(1) 20(1)  0(1) 1(1)  -2(1) 
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Table A4 continued 
C(3) 13(1)  19(1) 21(1)  -1(1) 1(1)  -2(1) 
C(4) 14(1)  22(1) 23(1)  -1(1) -2(1)  -2(1) 
C(5) 22(1)  18(1) 22(1)  1(1) 6(1)  -1(1) 
C(6) 20(1)  16(1) 19(1)  0(1) 1(1)  -2(1) 
N(28) 19(1)  21(1) 23(1)  -2(1) 0(1)  0(1) 
N(29) 24(1)  21(1) 21(1)  -2(1) 0(1)  0(1) 
N(30) 27(1)  32(1) 28(1)  -6(1) 4(1)  -8(1) 
O(1) 24(1)  38(1) 36(1)  -3(1) -4(1)  8(1) 
C(7) 54(1)  33(1) 41(1)  -1(1) -12(1)  -7(1) 
O(2) 60(1)  59(1) 54(1)  11(1) 11(1)  22(1) 
C(8) 77(2)  65(2) 44(1)  6(1) 0(1)  -13(1) 
O(4) 27(1)  51(1) 44(1)  22(1) -12(1)  -12(1) 
O(5) 24(1)  34(1) 136(2)  -30(1) 20(1)  -4(1) 
O(3) 89(3)  56(2) 57(2)  -17(2) -24(2)  17(2) 
C(9) 108(5)  66(5) 59(4)  11(3) -40(3)  -5(4) 
O(3B) 70(6)  69(5) 42(5)  -16(4) -25(4)  21(5) 
C(9B) 89(8)  87(8) 63(8)  -8(8) -42(7)  8(7) 
O(3C) 101(7)  56(6) 73(6)  5(4) 1(5)  -2(5) 
C(9C) 110(9)  67(9) 47(7)  1(6) -22(7)  7(7) 
________________________________________________________________________
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Table A5 Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 
103) for FeBTA ammonium salt single crystal. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(5) 3852(17) 4230(18) 1806(14) 33 
H(14) 11691(15) 2190(20) 1749(15) 39 
H(23) 5890(20) -477(18) 4259(14) 41 
H(28A) 7749(12) 8386(16) 432(10) 32 
H(28B) 7183(16) 7797(13) 1276(9) 32 
H(28C) 6800(16) 9124(10) 1042(11) 32 
H(28D) 6327(12) 8128(15) 494(10) 32 
H(29A) 2251(17) 3355(12) 5984(9) 33 
H(29B) 3154(10) 3884(16) 5285(10) 33 
H(29C) 2209(16) 4742(10) 5818(11) 33 
H(29D) 1702(13) 3933(16) 5136(9) 33 
H(30A) 1640(16) 9561(14) 2216(10) 43 
H(30B) 2336(18) 8308(11) 2144(11) 43 
H(30C) 2795(13) 9381(16) 1572(11) 43 
H(30D) 1542(15) 8835(17) 1377(10) 43 
H(1) 1900(30) 5530(20) 1438(17) 50 
H(7A) 2958 4593 -106 64 
H(7B) 1668 5625 -94 64 
H(7C) 1529 4222 366 64 
H(2) 4030(30) 6640(30) 2600(20) 89 
H(8A) 2372 5532 3357 93 
H(8B) 2129 6700 4061 93 
H(8C) 3580 5895 3998 93 
H(4A) 4270(30) 6886(19) 716(16) 61 
H(4B) 3770(20) 7700(20) 91(17) 61 
H(5A) 10(30) 6845(18) 2240(20) 97 
H(5B) -370(30) 5690(30) 2140(20) 97 
H(3) 2474 11126 3508 101 
H(9A) 484 10362 4020 116 
H(9B) 1550 10435 4833 116 
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Table A5 continued 
H(9C) 1389 9100 4341 116 
H(3B) 522 10134 3987 91 
H(9D) 3200 10015 3612 119 
H(9E) 2491 9493 4564 119 
H(9F) 2439 11004 4332 119 
H(3C) 111 9442 5048 116 
H(9G) 2564 9255 4234 112 
H(9H) 1854 10658 4426 112 
H(9I) 1156 9712 3758 112 
________________________________________________________________________
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Table A6 Hydrogen bonds for FeBTA ammonium salt single crystal [Å and °]. 
________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________  
 N(5)-H(5)...O(1) 0.807(14) 1.949(15) 2.7347(17) 165(2) 
 N(14)-H(14)...N(6)#1 0.808(14) 2.026(15) 2.8307(17) 174(2) 
 N(23)-H(23)...N(22)#2 0.806(14) 2.074(15) 2.8776(18) 174(2) 
 N(28)-H(28A)...N(13)#30.882(8) 2.067(8) 2.9427(17) 171.3(15) 
 N(28)-H(28B)...N(3) 0.880(8) 2.122(10) 2.9417(18) 154.8(15) 
 N(28)-H(28C)...N(8)#4 0.886(8) 2.052(10) 2.8964(17) 158.9(15) 
 N(28)-H(28D)...O(4) 0.883(8) 2.043(10) 2.8589(18) 153.2(15) 
 N(29)-H(29A)...N(24)#20.884(8) 2.135(9) 2.9937(18) 163.6(15) 
 N(29)-H(29B)...N(21) 0.884(8) 2.070(9) 2.9194(18) 160.9(15) 
 N(29)-H(29C)...N(17)#50.881(8) 2.343(11) 3.1385(18) 150.2(14) 
 N(29)-H(29D)...N(16)#60.887(8) 2.083(8) 2.9609(18) 170.1(15) 
 N(30)-H(30A)...O(3B) 0.883(8) 2.073(15) 2.859(10) 147.7(16) 
 N(30)-H(30A)...O(3) 0.883(8) 2.268(15) 2.887(4) 127.1(14) 
 N(30)-H(30A)...N(26)#70.883(8) 2.551(16) 3.0947(18) 120.6(14) 
 N(30)-H(30B)...O(2) 0.882(8) 1.862(9) 2.720(2) 163.9(17) 
 N(30)-H(30C)...N(7)#4 0.882(8) 2.120(10) 2.9641(18) 159.9(16) 
 N(30)-H(30D)...N(12)#80.883(8) 2.054(9) 2.9139(19) 164.1(16) 
 O(1)-H(1)...O(5) 0.75(2) 1.91(3) 2.6562(19) 172(3) 
 O(2)-H(2)...N(4) 0.98(3) 1.90(3) 2.873(2) 178(3) 
 O(4)-H(4A)...O(1) 0.793(14) 2.47(2) 3.1386(19) 144(2) 
 O(4)-H(4A)...N(4) 0.793(14) 2.47(2) 3.0477(18) 131(2) 
 O(4)-H(4B)...N(11)#8 0.797(14) 2.125(15) 2.9108(17) 169(3) 
 O(5)-H(5A)...N(25)#7 0.795(15) 2.096(16) 2.8788(19) 168(3) 
 O(5)-H(5B)...N(2)#6 0.797(15) 2.057(18) 2.8286(19) 163(3) 
 O(3)-H(3)...N(15)#7 0.84 2.32 3.056(4) 146.0 
 O(3C)-H(3C)...O(3C)#9 0.84 1.66 2.36(2) 138.4 
________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 x+1,y,z    #2 -x+1,-y,-z+1    #3 -x+2,-y+1,-z       
#4 x,y+1,z    #5 -x+1,-y+1,-z+1    #6 x-1,y,z    #7 x-1,y+1,z       
#8 -x+1,-y+1,-z    #9 -x,-y+2,-z+1       
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